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PREFACE 

early  Reports  of  the  Committee  on  Electrical  Standards 
were  for  many  years  the  highest  authority  on  their  subject. 
From  1880  to  1884  they  were  never  long  out  of  my  hands.  As 
they  are  now  rather  difficult  of  access,  it  has  been  decided  to 
republish  them  not  only  on  account  of  their  historical  interest, 
but  as  providing  an  excellent  statement  of  principles  by  such 
masters  as  Kelvin,  Maxwell,  and  Jenkin.  This  has  been  made 
possible  by  a  generous  donation  of  £100  from  Mr  R.  K.  Gray 
and  by  a  similar  grant  from  the  General  Committee  of  the 
Association. 

Mr  F.  E.  Smith  has  acted  as  Editor.  His  intimate  acquaint- 
ance with  recent  developments  of  the  subject,  in  which  he  has 
taken  a  leading  part,  eminently  qualify  him  for  the  task. 

RAYLEIGH. 

December  1912. 
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INTEODUCTION 

THE  original  British  Association  Committee  on  Standards  of 
Electrical  Resistance  was  appointed  at  the  suggestion  of  Professor 
William  Thomson  (later  Lord  Kelvin)  in  1861  and  consisted  of 
Professor  A.  Williamson,  F.R.S.,  Professor  C.  Wheatstone,  F.R.S., 
Professor  W.  Thomson,  F.R.S.,   Professor  W.  H.   Miller,  F.R.S., 
Dr  A.  Matthiessen,  F.R.S.,  and  Mr  Fleeming  Jenkin.    The  principals 
object  of  the  Committee  was,  first,  to  determine  what  would  be; 
the  most  convenient  unit  of  resistance,  and  second,  what  would  > 
be  the  best  form  and  material  for  the  standard  representing  that  j 
unit. 

When  the  Committee  was  first  appointed  no  coherent  system 
of  units  for  the  measurement  of  electric  resistance,  current, 
electromotive  force,  quantity,  or  capacity,  had  met  with  general 
approval.  It  was  true  that  Professor  W.  Weber's  absolute  system 
existed  on  paper,  but  it  was  not  understood  or  used  by  practical 
men. 

From  1862  to  1870  much  valuable  work  was  done  by  the 
Committee  which  in  the  interim  had  been  strengthened  by 
the  addition  of  Sir  Charles  Bright,  Professor  J.  Clerk  Maxwell, 
Mr  C.  W.  Siemens,  Mr  Balfour  Stewart,  Mr  C.  F.  Varley,  Professor 
G.  Carey  Foster,  Mr  Latimer  Clark,  Mr  D.  Forbes,  Mr  Charles 
Hockin,  Dr  Joule,  and  Dr  Esselbach.  During  this  period  Professor 
Thomson  was  a  particularly  active  member.  He  not  only  devised 
the  well-known  revolving  coil  method  for  the  absolute  measure- 
ment of  a  resistance  (independently  we  believe  of  the  prior 
suggestion  of  the  method  by  W.  Weber),  but  he  also  designed 
apparatus  for  the  absolute  measurement  of  electric  current,  and 
electrometers  for  the  measurement  of  electromotive  force.  He 
made  a  long  report  on  Electrometers  and  Electrostatic  Measure- 
ments in  1867,  and  in  1869  he  made  a  determination  of  the 
number  of  electrostatic  units  in  the  electromagnetic  unit.  He 
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remained  a  member  of  the  Standards'  Committee  until  its  dis- 
solution in  1870;  in  1881  he  was  appointed  a  member  of  the  new 
Committee,  and  continued  to  take  an  active  interest  in  the  work 
until  his  death  in  1908. 

During  the  period  1862 — 1870  the  Committee  reported 
(1)  The  measurement  of  a  resistance  in  terms  of  the  centimetre 
and  second,  by  Professor  J.  Clerk  Maxwell  and  Messrs  Balfour 
Stewart  and  Fleeming  Jenkin.  (2)  A  determination  of  the 
dynamical  equivalent  of  heat  from  the  thermal  effects  of  electric 
currents,  by  Dr  Joule.  (3)  An  investigation  of  resistance  alloys, 
by  Dr  Matthiessen.  (4)  The  determination  of  a  unit  of  capacity, 
by  Dr  Matthiessen,  Mr  Hockin,  Professor  Carey  Foster,  and 
Mr  F.  Jenkin.  (5)  The  determination  of  "  v  "  the  ratio  between 
the  electrostatic  and  electromagnetic  units,  by  Sir  William 
Thomson,  and  also  by  Professor  J.  Clerk  Maxwell.  In  addition 
the  Committee  caused  to  be  printed  (6)  A  Report  of  Electro- 
meters and  Electrostatic  Measurements,  by  Sir  William  Thomson, 
and  (7)  A  Treatise  on  The  Elementary  Relations  between  Electrical 
Measurements,  by  Professor  J.  Clerk  Maxwell  and  Mr  Fleeming 
Jenkin. 

The  choice  of  a  unit  of  resistance  was,  at  the  time  of  the 
appointment  of  the  Committee,  a  matter  of  considerable  import- 
ance. Until  about  1850  all  units  of  resistance  were  based  on  the 
more  or  less  arbitrary  size  and  weight  of  some  conductor  in  the 
form  of  a  wire.  In  England,  one  such  unit  (proposed  by  Professor 
Wheatstone  in  1843)  was  that  of  a  foot  of  copper  wire  weighing 
100  grains,  and  a  second  unit  was  equal  to  1  mile  of  copper  wire 
of  Jg-  inch  in  diameter.  In  1851  W.  Weber  proposed  a  system 
of  electrical  and  magnetic  measurement  in  which  an  electrical 
resistance  would  be  expressed  as  a  velocity.  Subsequently, 
Professor  W.  Thomson  defined  a  unit  of  work  in  Weber's  system 
and  thus  allowed  of  all  physical  measurements  being  connected 
together. 

The  immense  value  of  such  a  coherent  system  as  outlined  by 
W.  Weber  and  Professor  Thomson  was  fully  appreciated  by  the 
Committee  on  Electrical  Standards;  there  was,  however,  one^ 
difficulty.  If  the  unit  of  resistance  were  defined  in  terms  of 
Length  and  Time  withont^qnalifipAtinn  the  material  standard 
practically  representing  it  would  require  continual  correction 
from  time  to  time  as  successive  determinations  were  made  with 
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increasing  accuracy.  It  became  then  a  matter  for  consideration 
whether  the  advantages  of  the  arbitrary  material  standard  and 
those  of  the  absolute  system  could  not  be  combined,  and  ulti- 
mately the  Committee  decided  that_ajnaitm al. s tandarcLabou Id  be 
prepared  in  such  a  form  as  should  ensure  practical  permanency. 
Further  that  tbi^  should  be  equal  to  ten  millions  metres/second 
and  be  known  as  the  unit  of  1862.  The  magnitude  of  one 
metre/second  was  far  too  small  to  be  convenient  in  practice,  and 
the  decimal  multiple  chosen  was  thought  to  be  a  most  convenient 
one.  For  this  Latimer  Clark  suggested  the  name  "  Ohmad," 
which  in  the  abbreviated  form  "  Ohm  "  was  finally  adopted.  It  / 
is  of  more  than  passing  interest  to  note  that  these  proposals  of  the 
1862  Committee  are  practically  identical  with  the  resolutions  of] 
the  last  Conference  on  Electrical  Units  and  Standards  which  met  j 
in  London  in  1908.  In  the  interim  of  46  years  the  form  and 
nature  of  the  material  standard  has  been  much  discussed  and 
altered,  but  the  unit  has  remained  fixed  and  is  now  international,  j 
^For_the  purposes  of  the  constructipr^^f  a  matena^jtendard 
Dr  Matthiessen  undertook  a  special  investigation  on  the  electrical 
properties  of  alloys  and  pure  metals  in  the  solid  and  liquid 
states,  and  much  of  our  knowledge  on  the  change  of  resistance 
with  the  physical  changes  produced  by  annealing,  hardening, 
bending,  etc.  was  then  obtained.  A  number  of  resistance  coils 
of  special  form,  known  as  the  B.A.  type,  were  constructed  by 
Dr  Matthiessen  and  Dr  Muirhead,  and  the  majority  of  these  are 
at  present  lodged  at  the  National  Physical  Laboratory.  It  is 
practically  certain  that  no  other  resistance  coils  in  existence  are 
of  such  great  historical  interest.  They  have  been  compared 
together  very  many  times  during  the  past  50  years,  and  the 
secular  changes  of  resistance  have  been  traced  with  some  success. 
We  now  know  that  the  various  resistance  alloys  experimented 
with  have  not  kept  constant  in  resistance,  but  there  is  strong 
evidence  that  the  platinum  resistance  coils  have  kept  constant, 
and  if  so,  these  serve  to  connect  the  early  work  of  the  Committee 
with  some  of  the  researches  of  Lord  Rayleigh,  of  Dr  Glaze- 
brook,  of  Professors  Rowland  and  Mascart,  and  with  modern 
investigations. 

For  the  purposes  of  the  1862  Committee  Professor  W.  Thomson 
designed  the  revolving  coil  apparatus  by  which  the  resistance  of 
a  coil  could  be  determined  in  electromagnetic  measure.  Such 
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a  method  had  been  previously  proposed  by  W.  Weber.  The  unit 
derived  from  the  experiments  made  in  1863  and  1864  was  about 
8J-  per  cent,  larger  than  the  unit  derived  from  a  German-silver 
coil  previously  measured  by  Professor  Weber  in  terms  of  the 
metre  and  second.  It  was  6J  per  cent,  larger  than  the  unit 
derived  from  a  value  published  by  Professor  Weber  of  Dr  Siemens' 
mercury  unit.  On  the  other  hand  it  was  about  5  per  cent,  smaller 
than  the  unit  derived  from  other  coils  also  based  on  a  determina- 
tion by  Professor  Weber.  These  discrepancies  did  not,  however, 
cause  considerable  surprise. 

In  1870  the  Committee  was  dissolved,  but  on  the  suggestion 
of  Professor  Ayrton  it  was  reappointed  in  1881.  The  reappoint- 
ment  was  largely  due  to  the  discrepant  results  which  had  been 
obtained  by  experimenters  who  had  reexamined  the  absolute 
resistance  of  the  British  Association  unit.  The  Committee  were 
of  opinion  that  further  experiments  should  be  made,  juid  they 
also  thought  that  it  would  be  well  to  reconsider  the  question 
whether  the  ohm  should  be  denned  by  reference  to  a  concrete 
standard,  or  whether  the  term  "  ohm "  should  be  understood  to 
mean  a  resistance  of  109  cm./sec.  units.  At  that  time,  according 
to  Professor  Kohlrausch,  the  British  Association  unit  was  nearly/ 
2  per  cent,  too  great,  and  according  to  Professor  Rowland  it  was 
nearly  1  per  cent,  too  small.  On  the  other  hand,  H.  Weber  had! 
obtained  by  more  than  one  method  results  very  nearly  in  harmonyl 
with  those  of  the  Committee.  In  1881-3,  Lord  Rayleigh,  Professor  I 
Schuster,  and  Dr  Glazebrook,  all  of  whom  were  members  of  the 
Standards  Committee,  made  absolute  measurements  of  the  British 
Association  unit,  and  the  results  were  most  satisfactory.  In  1881, 
Lord  Rayleigh  and  Professor  Schuster,  using  the  revolving  coil 
method,  found  that  one  British  Association  unit  was  equal  to 
0'9893  109  C.G.S.  units,  and  with  a  new  apparatus  constructed  in 
1882  it  was  found  that  one  B.A.  unit  was  equal  to  O9865  109  C.G.S. 
units.  In  1883,  using  the  method  of  Lorenz,  Lord  Rayleigh  and 
Mrs  Sidgwick  found  the  ratio  to  be  0'98677,  and  in  1882  Dr  Glaze- 
brook  found  the  ratio  to  be  0*9867.  There  was,  therefore,  little 
doubt  but  that  the  first  determination  of  the  Committee  was  in 
error  by  at  least  1  per  cent.,  and  the  question  naturally  arose  as 
to  the  reason  of  this.  Lord  Rayleigh  probed  the  matter  very 
carefully,  and  pointed  out  the  possibility  of  a  considerable  error 
due  to  an  under-estimation  of  the  self-induction  of  the  coil. 
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The  value  of  the  B.A.  unit  in  absolute  measure  was  involved 
in  the  experiments  by  Dr  Joule  on  the  Dynamical  Equivalent 
of  Heat.  These  are  described  in  the  Report  for  1867.  The  result 
from  the  agitation  of  water  is  24868  (=  41*586  x  106  C.G.S.),  while 
that  derived  from  the  passage  of  a  known  absolute  current 
through  a  resistance  compared  with  the  B.A.  unit  was  25187 
(=42-119  x  106  C.G.s.).  The  latter  result  is  on  the  supposition 
that  the  B.A.  unit  is  really  109  C.G.s.  units.  If  the  unit  of  work 
had  been  used  as  a  means  of  deriving  the  unit  of  resistance,  it 
follows  that  the  B.A.  unit  was  24868/25187  =  0'9873  C.G.S.  units, 
which  is  in  very  close  agreement  with  the  values  obtained  by 
Lord  Rayleigh,  Professor  Schuster,  and  by  Dr  Glazebrook. 

It  will  be  seen  that  the  work  of  the  members  of  the  1881 
Committee  practically  established,  the.,  mtio  of  the  B.A.  unii  IQ 
the  ohm  within  a  few  parts  in  ten  thousand,  and  some  years 
elapsed  before  further  measurements  were  made  of  a  resistance 
in  terms  of  the  centimetre  and  second.  In  1888  Dr  Glazebrook 
made  another  determination,  and  in  1891  Professor  Viriamu  Jones 
measured  a  resistance  by  the  method  of  Lorenz.  A  new  Lorenz 
apparatus,  ordered  by  Professor  Callendar  for  the  McGill  University, 
was  used  by  Professors  Ayrton  and  Viriamu  Jones  in  1897.  In 
more  recent  years  National  Standardising  Laboratories  have  arisen 
in  Germany,  Great  Britain  and  America,  and  at  all  of  these  institu- 
tions apparatus  has  been  constructed  for  the  determination  of  a 
resistance  in  absolute  measure.  The  apparatus  at  the  National 
Physical  Laboratory  is  a  modified  form  of  Lorenz  apparatus,  and 
was  presented  to  the  Laboratory  as  a  memorial  of  Professor 
Viriamu  Jones,  a  former  member  of  the  Committee.  The  con- 
struction of  the  apparatus  was  rendered  possible  by  a  generous 
gift  of  £700  from  the  Drapers'  Company  of  London,  and  by  the 
kindness  of  Sir  Andrew  Noble,  Bart,  K.C.B.,  F.R.S. 

The  first  member  of  the  Committee  to  measure  a  current  in 
absolute  measure  was  Dr  Joule,  who  in  1864  employed  a  current 
weigher  in  his  determination  of  the  dynamical  equivalent  of  heat. 
The  current  balance  used  by  Joule  had  three  circular  flat  coils 
wound  with  copper  strip,  one  being  suspended  from  the  beam 
of  a  balance  so  that  its  mean  plane,  which  was  horizontal,  was 
midway  between  those  of  the  other  two  coils  which  were  fixed. 
In  1882  Lord  Rayleigh  showed  that  by  suitable  design  the 
constant  of  such  a  current  balance  could  be  reduced  to  a  numeric 
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depending  on  the  mean  radii  of  the  coils  as  -a  ratio,  which  could 
be  determined  electrically  with  high  precision  without  any  linear 
measurements  whatever  having  to  be  made.  In  1883  Lord  Ray- 
leigh  published  the  results  he  had  obtained  with  such  a  current 
weigher,  and  in  recent  years  balances  on  the  same  principle  have 
been  constructed  at  the  Laboratoire  Central  d'Electricite,  Paris, 
and  at  the  Bureau  of  Standards,  Washington.  In  1898  the 
Standards  Committee  appointed  Professors  Ayrton  and  Viriamu 
Jones  to  construct  a  new  current  weigher,  and  this,  now  known  as 
the  British  Association  Ayrton-Jones  Current  Weigher,  is  at  the 
National  Physical  Laboratory  and  can  be  used  at  any  time.  It  is 
of  interest  to  record  that  measurements  of  current  in  C.G.s.  units, 
made  at  the  National  Physical  Laboratory  and  the  American  Bureau 
of  Standards  agree  within  4  parts  in  100,000. 

As  early  as  1881  the  Committee  arranged  for  the  systematic 
testing  of  resistance  coils,  and  about  the  same  time  Dr  Muir- 
head  undertook  to  make  and  issue  standard  condensers.  Since 
1883  the  resistance  standards  of  the  Association  have  been  in 
charge,  first  of  Lord  Rayleigh  and  afterwards  of  Dr  Glazebrook, 
both  of  whom  have  also  investigated  standards  of  electromotive 
force  and  mercury  standards  of  resistance. 

In  addition  to  dealing  with  the  primary  electrical  standards 
the  Committee  have  also  considered  the  subjects  of  platinum- 
thermometry,  thermal  and  magnetic  units,  and  physical  constants 
in  general.  During  the  latter  years  of  the  Committee's  existence 
it  was  active  in  its  efforts  to  promote  international  uniformity  in 
standards,  and  for  this  purpose  many  experiments  were  under- 
taken at  the  National  Physical  Laboratory,  on  behalf  of  the 
Committee. 

The  appointment  by  the  London  Conference  of  1908  of  an 
International  Scientific  Committee  of  fifteen  to  direct  work  in 
connection  with  the  maintenance  of  electrical  standards  relieved 
the  Committee  of  much  of  its  responsibility.  The  main  objects 
for  which  it  had  been  appointed  had  been  achieved;  in  all  the 
principal  countries  of  the  world  the  same  units  of  resistance,  of 
current,  and  of  electromotive  force  had  been  adopted  and  the 
standards  in  use  were  practically  identical. 

Very  few  notes  have  been  added  to  the  Reports  and  but  little 
matter  has  been  omitted.  In  general  where  notes  have  been 
introduced  references  to  other  portions  of  the  Collected  Reports 
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are  made.  The  parts  omitted  referred  to  tests  on  a  number  of 
resistance  coils  intended  for  commercial  use,  and  were  not  of 
general  interest.  In  reprinting  the  papers  any  errors  of  inadvert- 
ence which  were  discovered  are  of  course  corrected.  Corrections 
of  this  kind  are  not  indicated. 

R.   T.    G. 

F.    E.    S. 
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FIRST  REPORT— CAMBRIDGE,  1862. 

THE  Committee  regret  that  they  are  unable  this  year  to 
submit  a  final  Report  to  the  Association,  but  they  hope  that  the 
inherent  difficulty  and  importance  of  the  subject  they  have  to 
deal  with  will  sufficiently  account  for  the  delay. 

The  Committee  considered  that  two  distinct  questions  were 
before  them,  admitting  of  entirely  independent  solutions.  They 
had  first  to  determine  what  would  be  the  most  convenient  unit  of 
resistance,  and  second  what  would  be  the  best  form  and  material 
for  the  standard  representing  that  unit.  The  meaning  of  this 
distinction  will  be  apparent  when  it  is  observed  that,  if  the  first 
point  were  decided  by  a  resolution  in  favour  of  a  unit  based  on 
Professor  Weber's  or  Sir  Charles  Bright  and  Mr  Latimer  Clark's 
system,  this  decision  would  not  affect  the  question  of  construction ; 
while,  on  the  other  hand,  if  the  second  question  were  decided  in 
favour  of  any  particular  arrangement  of  mercury  or  gold  wire  as 
the  best  form  of  standard,  this  choice  would  not  affect  the 
question  of  what  the  absolute  magnitude  of  the  unit  was  to  be. 

The  Committee  have  arrived  at  a  provisional  conclusion  as  to 
the  first  question ;  and  the  arguments  by  which  they  have  been 
guided  in  coming  to  this  decision  will  form  the  chief  subject  of 
the  present  Report. 

They  have  formed  no  opinion  as  to  the  second  question,  viz. 
the  best  form  and  material  for  the  standard. 

In  determining  what  would  be  the  most  convenient  unit  for 
all  purposes,  both  practical  and  purely  scientific,  the  Committee 
were  of  opinion  that  the  unit  chosen  should  combine,  as  far  as  was 
possible,  the  five  following  qualities. 

1.  The  magnitude  of  the  unit  should  be  such  as  would  lend 
itself  to  the  more  usual  electrical  measurements,  without  requiring 
the  use  of  extravagantly  high  numbers  of  cyphers  or  of  a  long 
series  of  decimals. 
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2.  The  unit  should  bear  a  definite  relation  to  units  which 
may   be    adopted    for   the    measurement    of   electrical   quantity, 
current,  and  electromotive   force,  or,  in   other  words,  it   should 
form  part  of  a  complete  system  for  electrical  measurements. 

3.  The  unit  of  resistance,  in  common  with  the  other  units  of 
the  system,  should,  so  far  as  is  possible,  bear  a  definite  relation  to 
the  unit  of  work,  the  great  connecting  link  between  all  physical 
measurements. 

4.  The  unit  should  be  perfectly  definite,  and  should  not  be 
liable  to  require  correction  or  alteration  from  time  to  time. 

5.  The  unit  should  be  reproducible  with  exactitude,  in  order 
that,  if  the  original  standard  were  injured,  it  might  be  replaced, 
and  also  in  order  that  observers  who  may  be  unable  to  obtain 
copies  of  the  standard  may  be  able  to  manufacture  them  without 
serious  error. 

The  Committee  were  also  of  opinion  that  the  unit  should  be 
based  on  the  French  metrical  system,  rather  than  on  that  now 
used  in  this  country. 

Fortunately  no  very  long  use  can  be  pleaded  in  favour  of  any 
of  the  units  of  electrical  resistance  hitherto  proposed,  and  the 
Committee  were  therefore  at  liberty  to  judge  of  each  proposal  by 
its  inherent  merits  only;  and  they  believe  that,  by  the  plan  which 
they  propose  for  adoption,  a  unit  will  be  obtained  combining  to  a 
great  extent  the  five  qualities  enumerated  as  desirable,  although 
they  cannot  yet  say  with  certainty  how  far  the  fourth  quality, 
that  of  absolute  permanency,  can  be  ensured. 

The  question  of  the  most  convenient  magnitude  was  decided  by 
reference  to  those  units  which  have  already  found  some  acceptance. 

These,  omitting  for  the  moment  Weber's  —         ,  were  found  to 

second 

range  between  one  foot  of  copper  wire  weighing  one  hundred 
grains  (a  unit  proposed  by  Professor  Wheatstone  in  1843)  and  one 
mile  of  copper  wire  of  -^  inch  diameter,  and  weighing  consequently 
about  84  J  grains  per  foot.  The  smaller  units  had  generally  been 
used  by  purely  scientific  observers,  and  the  larger  by  engineers  or 
practical  electricians. 

Intermediate  between  the  two  lay  Dr  Werner  Siemens's  mercury 
unit,  and  the  unit  adopted  by  Professor  W.  Thomson  as  approxi- 
mately equal  to  one  hundred  millions  of  absolute -v  .  The 

seconds 
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former  is  approximately  equal  to  371  feet,  and  the  latter  to  1217 
feet,  of  pure  copper  wire  -^  inch  diameter  at  15°  C.  Both  of  these 
units  have  been  adopted  in  scientific  experiments  and  in  practical 
tests ;  and  it  was  thought  that  the  absolute  magnitude  of  the  unit 
to  be  adopted  should  not  differ  widely  from  these  resistances. 

The  importance  of  the  second  quality  required  in  the  unit, 
that  of  forming  part  of  a  coherent  system  of  electrical  measure- 
ments, is  felt  not  only  by  purely  scientific  investigators,  but  also 
by  practical  electricians,  and  was  indeed  ably  pointed  out  in  a 
paper  read  before  this  Association  in  Manchester  by  Sir  Charles 
Bright  and  Mr  Latimer  Clark. 

The  Committee  has  thus  found  itself  in  the  position  of  deter- 
mining not  only  the  unit  of  resistance,  but  also  the  units  of 
current,  quantity,  and  electromotive  force.  The  natural  relations 
between  these  units  are,  clearly,  that  a  unit  electromotive  force 
maintained  between  two  points  of  a  conductor  separated  by  the 
unit  of  resistance  shall  produce  the  unit  current,  and  that  this 
current  shall  in  the  unit  of  time  convey  the  unit  quantity  of 
electricity. 

The  first  relation  is  a  direct  consequence  of  Ohm's  law;  and 
the  second  was  independently  chosen  by  Weber  and  by  the  two 
electricians  above-named. 

Two  only  of  the  above  units  can  be  arbitrarily  chosen ;  when 
these  are  fixed,  the  others  follow  from  the  relations  just  stated. 

Sir  Charles  Bright  and  Mr  Latimer  Clark  propose  the  electro- 
motive force  of  a  Daniell's  cell  as  one  unit,  and  choose  a  unit  of 
quantity  depending  on  this  electromotive  force.  Their  resistance- 
unit,  although  possessing  what  we  have  called  the  second  requisite 
quality,  and  superior  consequently  to  many  that  have  been  pro- 
posed, does  not  in  any  way  possess  the  third  quality  of  bearing 
with  its  co-units  a  definite  relation  to  the  unit  of  work,  and  has 
therefore  been  considered  inferior  to  the  equally  coherent  system 
proposed  by  Weber  many  years  since,  but  until  lately  com- 
paratively little  known  in  this  country. 

Professor  Weber  chose  arbitrarily  the  unit  of  current  and  the 
unit  of  electromotive  force,  each  depending  solely  on  the  units  of 
mass,  time,  and  length,  and  consequently  independent  of  the 
physical  properties  of  any  arbitrary  material. 

Professor  W.  Thomson  has  subsequently  pointed  out  that  this 
system  possesses  what  we  have  called  the  third  necessary  quality, 
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since,  when  defined  in  this  measure,  the  unit  current  of  electricity, 
in  passing  through  a  conductor  of  unit  resistance,  does  a  unit  of 
work  or  its  equivalent  in  a  unit  of  time*. 

The  entire  connexion  between  the  various  units  of  measure- 
ment in  this  system  may  be  summed  up  as  follows. 

A  battery  or  rheomotor  of  unit  electromotive  force  will  generate 
a  current  of  unit  strength  in  a  circuit  of  unit  resistance,  and  in 
the  unit  of  time  will  convey  a  unit  quantity  of  electricity  through 
this  circuit,  and  do  a  unit  of  work  or  its  equivalent. 

An  infinite  number  of  systems  might  fulfil  the  above  conditions, 
which  leave  the  absolute  magnitude  of  the  units  undetermined. 

Weber  has  proposed  to  fix  the  series  in  various  ways,  of  which 
two  only  need  be  mentioned  here — first  by  reference  to  the  force 
exerted  by  the  current  on  the  pole  of  a  magnet,  and  secondly  by 
the  attraction  which  equal  quantities  of  electricity  exert  on  one 
another  when  placed  at  the  unit  distance. 

In  the  first  or  electro-magnetic  system,  the  unit  current  is 
that  of  which  the  unit  length  at  a  unit  distance  exerts  a  unit  of 
force  on  the  unit  magnetic  pole,  the  definition  of  which  is  depen- 
dent on  the  units  of  mass,  time,  and  length  alone.  In  the  second 
or  electrostatic  system,  the  series  of  units  is  fixed  by  the  unit  of 
quantity,  which  Weber  defines  as  that  quantity  which  attracts 
another  equal  quantity  at  the  unit  distance  with  the  unit  force. 

Starting  from  these  two  distinct  definitions,  Weber,  by  the 
relations  defined  above,  has  framed  two  distinct  systems  of 
electrical  measurement,  and  has  determined  the  ratio  between 
the  units  of  the  two  systems — a  matter  of  great  importance  in 
many  researches ;  but  the  electro-magnetic  system  is  more  con- 
venient than  the  other  for  dynamic  measurements,  in  which 
currents,  resistances,  etc.,  are  chiefly  determined  from  observations 
conducted  with  the  aid  of  magnets. 

As  an  illustration  of  this  convenience,  we  may  mention  that 
the  common  tangent  galvanometer  affords  a  ready  means  of 
determining  the  value  in  electro-magnetic  units  of  any  current  7 
as  a  function  of  the  horizontal  component  of  the  earth's  magnetism 
77,  the  radius  of  the  coil  R,  its  length  L,  and  the  deflection  8. 

7  =  tang 

*  Vide  "Application  of  Electrical  Effect  to  the  Measurement  of  Electromotive 
Force,"  Phil.  Mag.  1851. 
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In  this  Report,  wherever  Professor  Weber's,  or  Thomson's,  or 
the  absolute  system  is  spoken  of,  the  electro-magnetic  system 
only  is  to  be  understood  as  referred  to.  The  immense  value  of  a 
coherent  system,  such  as  is  here  described,  can  only  be  appreciated 
by  those  who  seek  after  quantitative  as  distinguished  from  merely 
qualitative  results.  The  following  elementary  examples  will 
illustrate  the  practical  application  of  the  system. 

It  is  well  known  that  the  passage  of  a  current  through  a  metal 
conductor  heats  that  conductor;  and  if  we  wish  to  know  how 
much  a  given  conductor  will  be  heated  by  a  given  current  in  a 
given  time,  we  have  only  to  multiply  the  time  into  the  resistance 
and  the  square  of  the  current,  and  divide  the  product  by  the 
mechanical  equivalent  of  the  thermal  unit.  The  quotient  will 
express  the  quantity  of  heat  developed,  from  which  the  rise  of 
temperature  can  be  determined  with  a  knowledge  of  the  mass 
and  specific  heat  of  the  conductor. 

Again,  let  it  be  required  to  find  how  much  zinc  must  be 
consumed  in  a  Daniell's  cell  or  battery  to  maintain  a  given 
current  through  a  given  resistance.  The  heat  developed  by  the 
consumption  of  a  unit  of  zinc  in  a  Daniell's  battery  has  been 
determined  by  Dr  Joule,  as  also  the  mechanical  equivalent  of  that 
heat;  and  we  have  only  to  multiply  the  square  of  the  current  into 
the  resistance,  and  divide  by  the  mechanical  equivalent  of  that 
heat,  to  obtain  the  quantity  of  zinc  consumed  per  unit  of  time. 

Again,  do  we  wish  to  calculate  the  power  which  must  be  used 
to  generate  by  a  magneto-electric  machine  a  given  current  of 
(say)  the  strength  known  to  be  required  for  a  given  electric  light  ? 

Let  the  resistance  of  the  circuit  be  determined,  and  the  power 
required  will  be  simply  obtained  by  multiplying  the  resistance 
into  the  square  of  the  current. 

Again,  the  formula  for  deducing  the  quantity  of  electricity 
contained  in  the  charge  of  a  Ley  den  jar  or  submarine  cable  from 
the  throw  of  a  galvanometer-needle  depends  on  the  relation 
between  the  unit  expressing  the  strength  of  current,  the  unit  of 
force,  and  the  unit  magnet-pole.  When  these  are  expressed  in 
the  above  system,  the  quantity  in  electro-magnetic  measure  is 
immediately  obtained  from  the  ballistic  formula.  In  estimating 
the  value  of  the  various  insulators  proposed  for  submarine  cables, 
this  measure  is  of  at  least  equal  importance  with  the  measure  of 
the  resistance  of  the  conductor  and  of  the  insulating  sheath ;  arid 
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the  unit  in  which  it  is  to  be  expressed  would  be  at  once  settled 
by  the  adoption  of  the  general  system  described. 

These  five  very  simple  examples  of  the  use  of  Weber's  and 
Thomson's  system  might  be  multiplied  without  end;  but  it  is 
hoped  that  they  will  suffice  to  give  some  idea  of  the  range  and 
importance  of  the  relations  on  which  it  depends  to  those  who  may 
hitherto  not  have  had  their  attention  directed  to  the  dynamical 
theory. 

No  doubt,  if  every  unit  were  arbitrarily  chosen,  the  relations 
would  still  exist  in  nature,  and  by  a  liberal  use  of  coefficients 
experimentally  determined  the  answer  to  all  the  problems 
depending  on  these  relations  might  still  be  calculated;  but  the 
number  of  these  coefficients  and  the  complication  resulting  from 
their  use  would  render  such  an  arbitrary  choice  inexcusable. 

A  large  number  of  units  of  resistance  have  from  time  to  time 
been  proposed,  founded  simply  on  some  arbitrary  length  and 
section  or  weight  of  some  given  material  more  or  less  suited  for 
the  purpose ;  but  none  of  these  units  in  any  way  possessed  what 
we  have  called  the  second  and  third  requisite  qualities,  and  could 
only  have  been  accepted  if  the  unit  of  resistance  had  been  entirely 
isolated  from  all  other  measurements.  We  have  already  shown 
how  far  this  is  from  being  the  case ;  and  the  Committee  consider 
that,  however  suitable  mercury  or  any  other  material  may  be  for 
the  construction  or  reproduction  of  a  standard,  this  furnishes  no 
reason  for  adopting  a  foot  or  a  metre  length  of  some  arbitrary 
section  or  weight  of  that  material. 

Nevertheless  it  was  apparent  that,  although  a  foot  of  copper 
or  a  metre  of  mercury  might  not  be  very  scientific  standards,  they 
produced  a  perfectly  definite  idea  in  the  minds  of  even  ignorant 
men,  and  might  possibly,  with  certain  precautions,  be  both 
permanent  and  reproducible,  whereas  Weber's  unit  has  no 
material  existence,  but  is  rather  an  abstraction  than  an  entity. 
In  other  words,  a  metre  of  mercury  or  some  other  arbitrary 
material  might  possess  what  we  have  called  the  first,  fourth,  and 
fifth  requisite  qualities,  to  a  high  degree,  although  entirely 
wanting  in  the  second  and  third.  Weber's  system,  on  the 
contrary,  is  found  to  fulfil  the  second  and  third  conditions,  but 
is  defective  in  the  fourth  and  fifth;  for  if  the  absolute  or  Weber's 
unit  were  adopted  without  qualification,  the  material  standard  by 
which  a  decimal  multiple  of  convenient  magnitude  might  be 
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practically  represented  would  require  continual  correction  as 
successive  determinations  made  with  more  and  more  skill  deter- 
mined the  real  value  of  the  absolute  unit  with  greater  and 
greater  accuracy.  Few  defects  could  be  more  prejudicial  than 
this  continual  shifting  of  the  standard.  This  objection  would  not 
be  avoided  even  by  a  determination  made  with  greater  accuracy 
than  is  expected  at  present,  and  was  considered  fatal  to  the 
unqualified  adoption  of  the  absolute  unit  as  the  standard  of 
resistance. 

It  then  became  matter  for  consideration  whether  the  advan- 
tages of  the  arbitrary  material  standard  and  those  of  the  absolute 
system  could  not  be  combined;  and  the  following  proposal  was 
made  and  adopted  as  the  most  likely  to  meet  every  requirement. 
It  was  proposed  that  a  material  standard  should  be  prepared  in 
such  form  and  materials  as  should  ensure  the  most  absolute 
permanency ;  that  this  standard  should  approximate  as  nearly  as 

possible,  in  the  present  state  of  science,  to  ten  millions  of         —=- , 

but  that,  instead  of  being  called  by  that  name,  it  should  be  known 
simply  as  the  unit  of  1862,  or  should  receive  some  other  simpler 
name,  such  as  that  proposed  by  Sir  Charles  Bright  and  Mr  Latimer 
Clark  in  the  paper  above  referred  to;  that  from  time  to  time, 
as  the  advance  of  science  renders  this  possible,  the  difference 

TY1  f*"\"Y*f* 

between  this  unit  of  1862  and  the  true  ten  millions  of =- 

seconds 

should  be  ascertained  with  increased  accuracy,  in  order  that  the 
error,  resulting  from  the  use  of  the  1862  unit  in  dynamical 
calculations  instead  of  the  true  absolute  unit,  may  be  corrected  by 
those  who  require  these  corrections,  but  that  the  material  standard 
itself  shall  under  no  circumstances  be  altered  in  substance  or 
definition. 

By  this  plan  the  first  condition  is  fulfilled;  for  the  absolute 
magnitude  of  this  standard  will  differ  by  only  2  or  3  per  cent, 
from  Dr  Siemens's  mercury  standard. 

The  second  and  third  conditions  will  be  fulfilled  with  such 
accuracy  as  science  at  any  time  will  allow. 

The  fourth  condition,  of  permanency,  will  be  ensured  so  far  as 
our  knowledge  of  the  electrical  qualities  of  matter  will  permit ; 
and  even  the  fifth  condition,  referring  to  the  reproduction,  is 
rendered  comparatively  easy  of  accomplishment. 
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There  are  two  reasons  for  desiring  that  a  standard  should  be 
reproducible  :  first,  in  order  that  if  the  original  be  lost  or  destroyed 
it  may  be  replaced;  second,  in  order  that  men  unable  to  obtain 
copies  of  the  true  standard  may  approximately  produce  standards- 
of  their  own.  It  is  indeed  hoped  that  accurate  copies  of  the 
proposed  material  standard  will  soon  be  everywhere  obtainable^ 
and  that  a  man  will  no  more  think  of  producing  his  own  standard 
than  of  deducing  his  foot-rule  from  a  pendulum,  or  his  metre  from 
an  arc  of  the  meridian;  and  it  will  be  one  of  the  duties  of  the 
Committee  to  facilitate  the  obtaining  of  such  copies,  which  can  be 
made  with  a  thousandfold  greater  accuracy  than  could  be  ensured 
by  any  of  the  methods  of  reproduction  hitherto  proposed. 

It  is  also  hoped  that  no  reproduction  of  the  original  standard 
may  ever  be  necessary.  Nevertheless  great  stress  has  been  lately 
laid  upon  this  quality,  and  two  methods  of  reproduction  have 
been  described  by  Dr  Werner  Siemens  and  Dr  Matthiessen 
respectively;  the  former  uses  mercury,  and  the  latter  an  alloy  of 
gold  and  silver,  for  the  purpose.  Both  methods  seem  susceptible 
of  considerable  accuracy.  The  Committee  has  not  yet  decided 
which  of  the  two  is  preferable ;  but  their  merits  have  been  dis- 
cussed, from  a  chemical  point  of  view,  in  the  appended  Report  C, 
by  Prof.  Williamson  and  Dr  Matthiessen.  An  interesting  letter 
from  Dr  Siemens  on  the  same  point  will  also  be  found  in  the 
Appendix  E.  This  gentleman  there  advocates  the  use  of  a  metre 
of  mercury  of  one  square  millimetre  section  at  0°  C.  as  the 
resistance-unit;  but  his  arguments  seem  really  to  bear  only  on  the 
use  of  mercury  in  constructing  and  reproducing  the  standard,  and 
would  apply  as  well  to  any  length  and  section  as  to  those  which 
he  has  chosen. 

When  the  material  1862  standard  has  once  been  made, 
whether  of  platinum,  gold  an  alloy,  or  mercury,  or  otherwise,  the 
exact  dimensions  of  a  column  of  mercury,  or  of  a  wire  of  gold- 
silver  alloy,  corresponding  to  that  standard  can  be  ascertained, 
published,  and  used  where  absolutely  necessary  for  the  purpose 
of  reproduction. 

It  should  at  the  same  time  be  well  understood  that,  whether 
this  reproduction  does  or  does  not  agree  with  the  original 
standard,  the  unit  is  to  be  that  one  original  material  permanent 
standard,  and  no  other  whatever,  and  also  that  a  certified  copy 
must  always  be  infinitely  preferable  to  any  reproduction. 
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The  reproduction  by  means  of  a  fresh  determination  of  the 
absolute  unit  would  never  be  attempted,  inasmuch  as  it  would  be 
costly,  difficult,  and  uncertain  ;  but,  as  already  mentioned,  the 
difference  between  new  absolute  determinations  and  the  material 
standard  should  from  time  to  time  be  observed  and  published. 

The  question  whether  the  material  standard  should  aim  at  an 

.       metre  foot 

approximation  to  the  -    -  r  or  -      —  ,  was  much  debated.     In 
second        second 

favour  of  the  latter  it  was  argued  that,  so  long  as  in  England  feet 

and  grains  were  in  general  use,  the  -  '•  3  would  be  anomalous, 

second 

and  would  entail  complicated  reductions  in  dynamical  calculations. 

metre 

In  favour  of  the  V  it  was  argued  that,  when  new  standards 

second 

were  to  be  established,  those  should  be  chosen  which  might  be 
generally  adopted,  and  that  the  metre  is  gaining  universal  accept- 
ance. Moreover  the  close  accordance  between  Dr  Siemens's  unit 


and  the  decimal  multiple  of  the         —  =  weighed  in  favour  of  this 

unit  ;  so  that  the  question  was  decided  in  favour  of  the  metrical 
system. 

In  order  to  carry  out  the  above  views,  two  points  of  essential 

importance  had  to  be  determined.     First,  the  degree  of  accuracy 

*with  which  the  material  standard  could  at  present  be  made  to 

correspond  with  the  —     '—^  ;  and  second,  the  degree  of  permanency 

which  could  be  ensured  in  the  material  standard  when  made. 

The  Committee  is,  unfortunately,  not  able  yet  to  form  any 
definite  opinion  upon  either  of  these  points. 

Resistance-coils,  prepared  by  Professor  W.  Thomson,  have  been 
sent  to  Professor  Weber  ;  and  he  has,  with  great  kindness,  deter- 
mined their  resistance  in  electro-magnetic  units  as  accurately  as 
he  could.  It  is  probable  that  his  determinations  are  very  accurate; 
nevertheless  the  Committee  did  not  feel  that  they  would  be 
justified  in  issuing  standards  based  on  these  determinations  alone. 
In  a  matter  of  this  importance,  the  results  of  no  one  man  could 
be  accepted  without  a  check.  Professor  Weber  had  made  some 
similar  determinations  with  less  care  some  years  since,  but  he  has 
unfortunately  not  published  the  difference,  if  any,  between  the 
results  of  the  two  determinations.  Indirect  comparisons  between 
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the  two  determinations  show  a  great  discrepancy,  amounting 
perhaps  to  7  per  cent. ;  but  it  is  only  fair  to  say  that  this  error 
may  have  been  due  to  some  error  in  other  steps  of  the  comparison, 
and  not  to  Professor  Weber's  determination.  Meanwhile  it  was 
hoped  that  a  check  on  Weber's  last  result  would  by  this  time 
have  been  obtained  by  an  independent  method  due  to  Professor 
Thomson.  Unfortunately,  that  gentleman  and  Mr  Fleeming 
Jenkin,  who  was  requested  to  assist  him,  have  hitherto  been 
unable  to  complete  their  experiments,  owing  chiefly  to  their 
occupation  as  jurors  at  the  International  Exhibition.  The 
apparatus  is,  however,  now  nearly  complete,  and  it  is  hoped  will 
before  Christmas  give  the  required  determinations. 

If  Professor  Weber's  results  accord  within  one  per  cent,  with 
these  new  determinations,  it  is  proposed  that  provisional  standards 
shall  be  made  of  German-silver  wire  in  the  usual  way,  and  that 
they  should  be  at  once  issued  to  all  interested  in  the  subject, 
without  waiting  for  the  construction  of  the  final  material 
standard. 

The  construction  of  this  standard  may  possibly  be  delayed  for 
some  considerable  time  by  the  laborious  experiments  which 
remain  to  be  made  on  the  absolute  permanency  of  various  forms 
and  materials.  An  opinion  is  very  prevalent  that  the  electrical 
resistances  of  wires  of  some,  if  not  all,  metals  are  far  from 
permanent;  and  since  these  resistances  are  well  known  to  vary  aa^ 
the  wires  are  more  or  less  annealed,  it  is  quite  conceivable  that 
even  the  ordinary  changes  of  temperature,  or  the  passage  of  the 
electric  current,  may  cause  such  alterations  in  the  molecular 
condition  of  the  wire  as  would  alter  its  resistance.  This  point  is 
treated  at  some  length  in  the  two  Reports  B  and  C,  appended, 
by  Professor  Williamson  and  Dr  Matthiessen.  The  experiments 
hitherto  made  have  not  extended  over  a  sufficient  time  to 
establish  any  very  positive  results ;  but,  so  far  as  can  be  judged 
at  present,  some,  though  not  all,  wires  do  appear  to  vary  in 
conducting  power. 

Mercury  would  be  free  from  the  objection  that  its  molecular 
condition  might  change ;  but,  on  the  other  hand,  it  appears  from 
Report  C  that  the  mercury  itself  would  require  to  be  continually 
changed,  and  that  consequently,  even  if  the  tube  containing  it 
remained  unaltered  (a  condition  which  could  not  be  absolutely 
ensured),  the  standards  measured  at  various  times  would  not 
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really  be  the  same  standard.  A  possibility  at  least  of  error  would 
thus  occur  at  each  determination,  and  certainly  no  two  successive 
determinations  would  absolutely  agree.  If,  therefore,  wires  can 
be  found  which  are  permanent,  they  would  be  preferred  to 
mercury,  although,  as  already  said,  no  conclusion  has  been  come 
to  on  this  point. 

Some  further  explanation  will  now  be  given  of  the  resolutions 
passed  from  time  to  time  by  the  Committee,  and  appended  to  this 
Report. 

Dr  Matthiessen  was  requested  to  make  experiments  with  the 
view  of  determining  an  alloy  with  a  minimum  variation  of  resis- 
tance due  to  change  of  temperature.  The  object  of  this  research 
was  to  find  an  alloy  of  which  resistance-coils  could  be  made 
requiring  little  or  no  correction  for  temperature  during  a  series 
of  observations.  A  preliminary  Report  on  this  subject  is  appended 
(A),  in  which  the  curious  results  of  Dr  Matthiessen's  experiments 
on  alloys  are  alluded  to,  and,  in  particular,  the  following  fact  con- 
nected with  the  resistance  of  alloys  of  two  metals  is  pointed  out. 

Let  us  conceive  two  wires  of  the  two  pure  metals  of  equal 
length,  and  containing  respectively  the  relative  weights  of  those 
two  metals  to  be  used  in  the  alloy.  Let  us  further  conceive  these 
two  wires  connected  side  by  side,  or,  as  we  might  say,  in  multiple 
arc.  Then  let  the  difference  be  observed  in  the  resistance  of  this 
multiple  arc  when  at  zero  and  100°  C.  This  difference  will  be 
found  almost  exactly  equal  in  all  cases  to  the  difference  which  will 
be  observed  in  the  resistance  of  a  wire  drawn  from  the  alloy 
formed  of  those  two  metal  wires  at  zero  and  100°,  although  the 
actual  resistance  at  both  temperatures  will  in  most  cases  be  very 
much  greater  than  that  of  the  hypothetical  multiple  arc. 

In  order  to  obtain  a  minimum  percentage  of  variation  with  a 
change  of  temperature,  it  was  consequently  only  necessary  to 
make  experiments  on  those  alloys  which  offer  a  very  high  resist- 
ance as  compared  with  the  mean  resistance  of  their  components. 
The  results  of  a  few  experiments  are  given  in  the  Report,  but 
these  are  only  the  first  of  a  long  series  to  be  undertaken. 
Hitherto  an  alloy  of  platinum  and  silver  is  the  only  one  of  which 
the  conducting  power  and  variation  with  temperature  are  less 
than  that  of  German-silver. 

Professor  W.  Thomson  and  Dr  Matthiessen  were  requested  to 
examine  the  electrical  permanency  of  metals  and  alloys.  A  pre- 
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liminary  Report  on  the  subject  by  Dr  Matthiessen  is  appended  (B), 
in  which  he  shows  that,  after  four  months,  one  copper  and  two 
silver  hard-drawn  wires  have  altered,  becoming  more  like  annealed 
wires,  but  that  no  decided  change  has  yet  been  detected  in  the 
great  majority  of  the  wires. 

Several  eminent  practical  electricians  were  requested  to  advise 
the  Committee  as  to  the  form  of  coil  they  considered  most  suitable 
for  a  material  standard,  and  also  to  furnish  a  sample  coil  such  as 
they  could  recommend.  Sir  Charles  Bright  informed  the  Com- 
mittee that  he  was  ready  to  comply  with  the  request.  The  point 
is  one  of  considerable  importance,  respecting  which  it  was  thought 
that  practical  men  might  give  much  valuable  information.  Coils 
of  wire  may  be  injured  by  damp,  acids,  oxidation,  stretching  and 
other  mechanical  alterations.  They  may  be  defective  from  im- 
perfect or  uncertain  insulation;  and  they  may  be  inconveniently 
arranged,  so  that  they  do  not  readily  take  the  temperature  of  the 
surrounding  medium,  or  cannot  be  safely  immersed  in  water  or 
oil  baths,  as  is  frequently  desirable.  No  definite  conclusion  as 
to  the  form  of  coil  to  be  recommended,  even  for  copies,  has  been 
arrived  at. 

It  was  resolved  "That  the  following  gentlemen  should  be 
informed  of  the  appointment  of  the  present  Committee,  and 
should  be  requested  to  furnish  suggestions  in  furtherance  of  its 
object : — 


Professor  Edlund  (Upsala). 
Professor  T.  Fechner  (Leipzig). 
Dr  Henry  (Washington). 


Professor  Neumann  (Konigsberg). 
Professor  J.C.Poggendorif  (Berlin). 
M.  Pouillet  (Paris). 


Professor  Jacobi  (St  Petersburg).         Werner  Siemens,  Ph.D.  (Berlin). 
Prof essorG.  Kirchhoff  (Heidelberg).    Professor  W.  E.  Weber  (Gottin- 
Professor  G.  Matteucci  (Turin).  gen)." 

A  letter,  appended  to  this  Report,  was  consequently  addressed 
to  each  of  these  gentlemen.  Answers  have  been  received  from 
Professor  Kirchhoff  and  Dr  Siemens,  which  will  be  found  in  the 
Appendix.  The  resolution  arrived  at  by  the  Committee  to  con- 
struct a  material  standard  will  entirely  meet  Professor  Kirchhoff 's 
views.  The  Committee  have  been  unable  entirely  to  adopt 
Dr  Siemens's  suggestions;  but  his  statements  as  to  the  accuracy 
with  which  a  standard  can  be  reproduced  and  preserved  by 
mercury  will  form  the  subject  of  further  special  investigation, 
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and  the  Committee  will  be  most  happy  to  take  advantage  of 
his  kind  offer  of  assistance. 

A  letter  was  also  received  from  Sir  Charles  Bright,  containing 
an  ingenious  method  of  maintaining  a  constant  tension  or  difference 
of  potentials.  This  point  will  probably  come  before  the  Committee 
at  a  later  period,  when  Sir  Charles  Bright's  suggestion  will  not  be 
lost  sight  of. 

The  Committee  also  received,  on  the  29th  ultimo,  after  the 
present  Report  had  been  drawn  up,  a  letter  from  Dr  Esselbach,  a 
well-known  electrician,  who  had  charge  of  the  electrical  tests  of 
the  Malta  and  Alexandria  Cable  during  its  submergence.  In  this 
letter  Dr  Esselbach  arrives  at  substantially  the  same  conclusions 
as  those  recommended  by  the  Committee.  Thus,  his  first  conclusion 
is  "to  adopt  Weber's  absolute  unit  substantially,  and  to  derive 
from  it,  by  the  multiple  1010,  the  practical  unit."  This  practical 
unit  is  precisely  that  recommended  by  your  Committee.  Dr  Essel- 
bach uses  the  multiple  1010,  starting  from  the  -  — -, — ,  where 

your  Committee  recommend  the  multiple  10*,  starting  from  the 

metre  ,,    .     ,, 

— i :  the  result  is  the  same, 
second 

Dr  Esselbach's  next  conclusion  is  also  of  great  practical  value 
He  points  out  that  the  electro-magnetic  unit  of  electromotive 
force,  also  multiplied  by  1010,  differs  extremely  little  from  that 
of  the  common  Daniell's  cell,  and  that,  without  doubt,  by  proper 
care  such  a  cell  could  be  constructed  as  would  form  a  practical 
unit  of  electromotive  force.  This  suggestion  has  the  approval  of 
the  Committee.  Dr  Esselbach  next  points  out  that  the  unit  of 
resistance  which  he  proposes  differs  very  little  from  Dr  Siemens's 
mercury  unit,  which  he,  like  your  Committee,  considers  a  great 
advantage;  and  the  difference  is,  indeed,  less  than  he  supposes. 
He  also  proposes  to  use  Weber's  absolute  unit  for  the  unit  of 
current — a  suggestion  entirely  in  accordance  with  the  foregoing 
Report;  and  he  further  points  out  that  this  current  will  be  of 
convenient  magnitude  for  practical  purposes.  He  next  approves 
of  the  suggestions  of  Sir  Charles  Bright  and  Mr  Latimer  Clark 
with  reference  to  nomenclature  and  terminology.  In  the  body  of 
the  Report  he  gives  some  valuable  data  with  reference  to  the 
unit  of  quantity,  which  he  defines  in  the  same  manner  as  your 
Committee.  This  result  will  be  analyzed  in  the  Report  which 
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Professor  W.  Thomson  and  Mr  Fleeming  Jenkin  will  make  on  the 
fresh  determination  of  the  absolute  unit  of  resistance. 

The  Committee  attach  high  importance  to  this  communication, 
showing  as  it  does  that  a  practical  electrician  had  arrived  at  many 
of  the  very  same  conclusions  as  the  Committee,  quite  indepen- 
dently and  without  consultation  with  any  of  its  members. 
Dr  Esselbach  has  omitted  to  point  out,  what  he  no  doubt  was 
well  aware  of,  that,  if,  as  he  suggests,  two  equal  multiples  of 
the  absolute  units  of  resistance  and  electromotive  force  are 
adopted,  the  practical  unit  of  electromotive  force,  or  Dani  ell's  cell, 
will,  in  a  circuit  of  the  practical  unit  of  resistance,  produce  the 
unit  current. 

Mr  Fleeming  Jenkin  was  requested  to  furnish  an  historical 
summary  of  the  various  standards  of  resistance,  but  he  has  been 
unable  to  complete  his  Report  in  time  for  the  present  meeting. 

Professor  Williamson  and  Dr  Matthiessen  were  requested  to 
put  together  the  facts  regarding  the  composition  of  the  various 
materials  hitherto  used  for  standards  of  resistance,  and  the 
physical  changes  they  were  likely  to  undergo.  Wires  of  pure 
solid  metals,  columns  of  mercury,  and  wires  of  alloys  have  been 
used  for  the  purpose.  The  Report  of  the  above  gentlemen  is 
appended  (C).  In  it  they  arrive  at  the  following  conclusions : — 

Firstly,  with  reference  to  pure  metals  in  a  solid  state,  they 
consider  that  the  preparation  of  those  metals  in  a  state  of 
sufficient  purity  to  ensure  a  constant  specific  resistance  is  ex- 
ceedingly difficult,  as  is  proved  by  the  great  discrepancy  in  the 
relative  conducting  powers  obtained  by  different  observers.  Elec- 
trotype copper  is  excepted  from  this  remark.  They  also  point 
out  that  the  influence  of  annealing  on  the  conducting  powers  of 
pure  solid  metals  is  very  great,  and  would  render  their  use  for  the 
purpose  of  reproducing  a  standard  very  objectionable,  inasmuch 
as  it  is  impossible  to  ensure  that  any  two  wires  shall  be  equally 
hard  or  soft.  They  observe  that  errors  of  the  same  kind  might 
be  caused  by  unseen  cavities  in  the  wires,  and  give  examples  of 
the  actual  occurrence  of  these  cavities.  They  point  out  another 
objection  to  the  use  of  pure  solid  metals  as  standards,  in  the  fact 
that  their  resistance  varies  rapidly  with  a  change  of  temperature, 
so  that  slight  errors  in  a  thermometer  or  its  reading  would 
materially  affect  the  results  of  an  experiment. 

Secondly,  with  reference   to   mercury,  they  show  that  it  is 
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comparatively  easily  purified,  varies  little  in  resistance  with  a 
change  of  temperature,  and  can  undergo  no  change  analogous  to 
that  caused  by  annealing,  but  that,  on  the  other  hand,  measure- 
ments of  its  conducting-power  by  different  observers  vary  much, 
that  the  tube  used  cannot  be  kept  full  of  mercury  for  any  length 
of  time,  as  it  would  become  impure  by  partial  amalgamation 
with  the  terminals,  and  that  consequently  each  time  a  mercury 
standard  is  used  it  has,  practically,  to  be  remade.  The  accuracy 
with  which  different  observers  can  reproduce  mercury-standards 
has  not  been  determined. 

Thirdly,  with  reference  to  alloys,  they  say  that  there  is  better 
evidence  of  the  independent  and  accurate  reproduction  of  a 
standard  by  a  gold-silver  alloy  of  certain  proportions  than  by  pure 
solid  metal  or  by  mercury.  They  point  out  that  annealing  and 
changes  of  temperature  have  far  less  effect  on  alloys  than  on  pure 
metals,  and  that  consequently  any  want  of  homogeneity  or  any 
error  in  observing  the  temperature  during  an  experiment  is,  with 
alloys,  of  little  consequence,  but  that,  on  the  other  hand,  the 
existence  of  cavities  must  be  admitted  as  possible  in  all  solid 
wires.  They  are  of  opinion  that  the  permanence  of  jewellery 
affords  strong  ground  for  believing  that  a  gold-silver  alloy  will  be 
quite  as  permanent  as  any  solid  pure  metal ;  and  in  the  course  of 
the  Report  they  point  out  some  curious  facts  showing  that  a 
great  change  in  the  molecular  condition  of  some  pure  metals  and 
alloys  may  occur  without  any  proportional  change  in  their  con- 
ducting powers. 

Finally,  they  recommend  that  practical  experiments  should  be 
made  independently  by  several  gentlemen  to  determine  whether 
mercury  or  the  gold-silver  alloy  be  really  the  better  means  of 
reproducing  a  standard. 

The  main  resolution  arrived  at  by  the  Committee,  viz.  that  a 
material  standard  shall  be  adopted  which,  at  the  temperature  of 

17°  C.,  shall  approximate  to  107  -      — -r- ,  as  far  as  present  data 

allow,  has  been  already  fully  explained.  It  was  not  arrived  at 
until  after  several  meetings  had  been  held,  and  the  merits  of  the 
various  proposals  fully  discussed. 

This  resolution  was  passed  (unanimously)  at  a  meeting  when 
five  out  of  the  six  members  of  the  Committee  were  present. 

It  was   at   the   same   time   resolved  that   provisional   copies 
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should  be  distributed  at  the  present  meeting.  The  circumstances 
have  been  already  explained  which  have  prevented  this  resolution 
from  being  carried  into  effect. 

It  was  thought  desirable  that  an  apparatus  should  be  designed 
which  could  be  recommended  by  the  Committee  for  use  in 
copying  and  multiplying  the  units  to  be  issued,  since  it  is  certain 
that  some  of  the  glaring  discrepancies  in  coils  intended  to 
agree  must  have  been  due  to  defective  modes  of  adjustment. 
Mr  Fleeming  Jenkin  has  consequently  designed  an  apparatus  for 
the  purpose,  of  which  a  description  is  appended.  Messrs  Elliott 
Brothers  have  kindly  constructed  a  couple  of  these  instruments, 
which  may  be  seen  in  action  by  members  interested  in  this 
subject. 

The  present  Report  was  drawn  up  by  Mr  Jenkin,  and  adopted 
at  a  meeting  of  the  Committee  on  the  30th  ultimo. 

Appendix  to  Report  on  Standards  of  Electrical  Resistance. 

A.  On  the  variation  of  the  electrical  resistance  of  alloys  due 
to  change  of  temperature,  by  Dr  Matthiessen,  F.R.S. 

B.  On  the  electrical  permanency  of  metals  and  alloys,  by 
Dr  Matthiessen,  F.R.S. 

C.  On  the  reproduction  of  electrical  standards  by  chemical 
means,  by  Professor  Williamson,  F.R.S.,  and  Dr  Matthiessen,  F.R.S. 

D.  Professor  KirchhofFs  letter. 

E.  Dr  Siemens's  letter. 

F.  Dr  Esselbach's  letter. 

G.  Circular  addressed  to  foreign  men  of  science. 

H.  Description  of  apparatus  for  copying  and  multiplying  the 
units  of  resistance. 

APPENDIX  A. — On  the  Variation  of  the  Electrical  Resistance  of  Alloys 
due  to  Change  of  Temperature.     By  Dr  MATTHIESSEN,  F.R.S. 

It  has  been  shown*  that  the  influence  of  temperature  on  the 
electric  conducting  power  of  the  metals  amounts  to  29*3  per  cent, 
on  their  conducting  power  between  0°  and  100°  C. :  an  exception 
to  this  law  has  been  found  in  ironf,  the  conducting  power  of 
which  decreases  between  those  limits  38 '2  per  cent.  It  was, 

*  PML  Trans.  1862,  pt.  1. 

t  Matthiessen  and  Vogt,  unpublished  researches. 
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therefore,  useless  to  try  any  of  the  other  pure  metals,  as  they 
would,  in  all  probability,  have  decreased  by  the  same  amount,  as 
well  as  from  the  fact  that  the  metals  which  would  have  suited  the 
purpose  had  already  been  tried.  I  therefore  turned  my  attention 
to  the  alloys,  and,  in  conjunction  with  Dr  C.  Vogt,  have  made  a 
long  series  of  experiments  respecting  the  influence  of  temperature 
on  their  electric  conducting  power.  After  having  determined  the 
conducting  power  of  a  few  of  them  at  different  temperatures, 
together  with  the  help  of  the  few  experiments  which  have  already 
been  made  by  different  observers,  it  became  obvious  that  the 
percentage  decrement  in  their  conducting  power  stands  in  some 
relation  to  the  fact  that,  when  a  solid  metal  is  alloyed  with 
another  (with  the  exception  of  lead,  tin,  zinc,  and  cadmium 
amongst  each  other),  a  lower  conducting  power  is  observed  than 
the  mean  of  that  of  the  components*.  The  law  which  we  found 
to  regulate  this  property  was  with  most  alloys  the  following,  viz. : — 

"  The  percentage  decrement  between  0°  and  100°  in  the  conduct- 
ing power  of  an  alloy  in  a  solid  state  stands  in  the  same  ratio  to 
the  mean  percentage  decrement  of  the  components  between  0°  and 
100°  as  the  conducting  power  of  the  alloy  at  100°  does  to  the  mean 
conducting  power  of  tie  components  at  100°";  or,  in  other  words, 
"  the  absolute  difference  in  the  observed  resistance  between  0°  and 
100°  of  an  alloy  is  equal  to  the  absolute  difference  between  the 
means  of  the  resistance  of  the  component  metals  between  0°  and  100°." 

For  example,  the  conducting  power  of  the  hard-drawn  gold- 
silver  alloy  was  found  equal  to  15 '03  at  0°  (taking  silver  equal 
100  at  Oc),  and  decreases  6'49  per  cent,  between  0°  and  100°.  The 
mean  decrement  of  the  components  between  0°  and  100°  being 
29'3  per  cent.,  the  conducting  power  of  the  alloy  is  14'05  at  100°, 
and  that  of  the  mean  of  the  components  is  62'58  at  100°.  If  we 
now  calculate  the  percentage  decrement  in  the  conducting  power 
of  the  alloy  between  0°  and  100°  from  the  above  data,  we  find  it 
equal  to  6'58  per  cent.,  and  by  experiments  it  was  found  equal  to 
6*49  per  cent.  Or,  taking  the  resistance  of  silver  at  0°  =  100,  and 
that  of  gold  at  0°  =  128'3,  we  find  the  resistance  of  the  alloy  at 
0°  =  665-3,  and  at  100°  =  711'7,  and  that  calculated  from  a  mean  of 
the  volumes  of  its  components  at  0°  =  113'2,  and  at  100°  =  159'8; 

*  Assuming  that  the  conducting  power  or  resistance  of  an  alloy  is  equal  to  that 
of  parallel  wires  of  the  components  forming  it. 

B.  A.  2 
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therefore  the  absolute  difference  between  the  observed  resistance 
at  0°  and  100°  is  46'4,  and  that  between  the  calculated  at  0°  and 
100°  =  46*8. 

Knowing  already,  from  my  experiments  on  the  electric  con- 
ducting power  of  alloys*,  that  when  two  metals  are  alloyed 
together  in  any  proportion,  if  the  alloy  is  merely  a  solution  of  the 
two  metals  in  one  another,  its  conducting  power  may  be  approxi- 
mately foretold,  and  that,  from  the  above  law,  it  is  necessary  that 
if  the  conducting  power  of  an  alloy  should  vary  between  the  limits 
of  0°  and  100°  to  a  minimum  extent,  the  alloy  itself  must  have  a 
minimum  conducting  power  as  compared  with  that  calculated 
from  its  components, — I  at  once  foresaw  that  it  would  be  useless, 
as  was  afterwards  proved  by  the  research  made  in  conjunction 
with  Dr  Vogt,  to  make  any  experiments  with  the  two  metal- 
alloys,  which  may  be  looked  upon  as  a  solution  of  one  metal  in 
the  other,  as  no  practical  alloy  would  be  found  which  would  vary 
in  its  conducting  power  between  0°  and  100°  to  a  small  extent. 
It  must  also  be  borne  in  mind  that  the  alloy  sought  for  must  be 
a  ductile  one,  capable  of  being  drawn  into  wire,  not  too  soft,  as 
would  easily  be  damaged  by  covering  and  winding,  easily  pro- 
duced, and  cheap  in  price.  Bearing  this  in  mind,  we  turned  our 
attention  to  some  three  metal-alloys,  thinking  that  we  had  some 
chance  there  of  obtaining  a  good  result;  for  it  is  well  known  that 
the  conducting  power  of  German-silver  wire  varies  in  such  a  slight 
extent  between  0°  and  100°. 

It  also  appeared  worth  while  to  experiment  with  some  of 
those  alloys  which  may  perhaps  be  considered  chemical  com- 
binations, or  to  contain  such,  as,  for  instance,  platinum  and  silver ; 
and,  on  account  of  their  other  physical  properties,  the  platinum- 
iridium  alloys  were  also  experimented  with. 

In  the  following  Table  I  give  the  results  obtained  in  conjunc- 
tion with  Dr  Vogt.  The  unit  here  taken  for  comparison  is  that  of 
a  hard-drawn  silver  wire  at  0°.  The  normal  wires  were  made  of 
German-silver,  and  in  order  to  obtain  their  values  in  terms  of 
hard-drawn  silver,  they  were  compared  with  the  gold-silver  alloy. 
In  these  experiments  it  was  thought  better  first  to  use  those 
pure  metals  which  are  easily  obtained,  so  as  to  learn  something 
regarding  the  manner  in  which  the  three  metal-alloys  behave, 
and  then  try  some  alloys  made  of  the  cheaper  commercial  metals. 
*  Phil.  Trans.  1860,  p.  161. 
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As  will  be  seen  by  the  Table,  only  the  first  part  has  been  as  yet 
carried  out. 

TABLE. 

(With  each  series,  the  formula  deduced  from  the  observations 
for  the  correction  of  the  conducting  power  of  the  alloy  for 
temperature  is  given,  when  X  is  equal  to  the  conducting  power 
at  the  temperature  t°  C.) 


Composition  of  alloy  Weight 

(1)         Gold      58-3 

Copper 26-5 

Silver 15-2 

Made  from  pure  metals. 
Hard-drawn. 


Length  532  mm. •  diameter  0'625  mm. 

Conducting  power 
T.  Found 

9-0  11-956 


53-5 

lOO'O 


11-674 
11-438 


X  =  12-017  -  0-0069033*  +  0*00001 11 12. 


This  alloy  was  taken,  as  Karmarsch  states  it  is  the  hardest  and 
most  elastic  of  all  the  gold-silver-copper  alloys. 

Length  341-5  mm. ;  diameter  0'618  mm. 


Composition  of  alloy  Weight 

(2)        Gold      66-5 

Silver 18-1 

Copper 15-4 

Made  of  pure  metals. 
Hard-drawn. 


T. 

10-95 
33-52 
55-15 
78-35 
97-52 


Conducting  power 
Found 

10-5637 
10-4341 
10-3130 
10-1846 
10-0852 


X = 10-6220  -  0-0056248* + 0-0000009863*2. 

This  alloy  was  tried,  as  it  corresponded  to  equal  volumes  of 
gold-copper  and  gold-silver,  and  these  again  correspond  to  an 
alloy  possessing  the  lowest  conducting  power  of  any  of  those  made 
of  gold-copper  or  gold-silver. 

Composition  of  alloy          Weight          Length  764  mm. ;  diameter  0*553  mm. 

(3)        Copper 78-3 

Silver 14-3 

Gold      7'4 

Made  from  pure  metals. 
Hard -drawn. 


T. 

11-0 
55-5 

100-0 

44-472-0-081525*+0-0003240*2. 


Conducting  power 
Found 
45-591 
40-333 
37-560 


This  alloy  was  taken  to  see  the  effect  such  a  combination 
would  have. 

Length  244mm. ;  diameter  0'682  mm. 
Weight  Conducting  power 

66-6  T-  Found 

33-4  12-0  4-506 

56-0 
100-0 


Composition  of  alloy 
(4)        Platinum 
Iridium 

Commercial  alloy. 

Hard-drawn. 


4-384 
4-271 


X  =  4-541  -  0-0029307* +  0-000002724*2. 
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This  alloy  was  tried,  as  it  possesses  very  great  elasticity  and 
does  not  become  softer  on  annealing.  On  account  of  these 
properties,  as  well  as  its  permanency  in  air  (not  oxidizing  on  its 
surface),  it  would  serve  exceedingly  well  for  making  springs  and 
contacts  for  electric  and  telegraphic  apparatus. 

Length  381*5  mm. ;  diameter  0*451  mm. 


Composition  of  alloy  Weight 

(5)         Silver 95 -0 

Platinum          ...       5-0 
Made  from  pure  silver  and 
commercially  pure  platinum. 
Hard-drawn. 


T. 

12-0 
56-0 

100-0 

31-640  -  0-039363*+ 0-00003642*2. 


Conducting  power 
Found 
31-173 
29-550 
28-068 


This  and  the  following  two  alloys  were  taken,  as  they  probably 
contain  chemical  combinations. 


Composition  of  alloy  Weight 

(6)         Silver 90'2 

Platinum         ...       9 -8 
The  metals  employed  were 

the  same  as  in  No.  5. 
Hard-drawn. 


Length  708  mm. ;  diameter  0-26  mm. 
Conducting  power 
Found 


T. 

9-0 

54-5 

100-0 


Composition  of  alloy 
(7)        Silver 

Platinum 

Commercial  alloy. 

Hard-drawn. 


.  =  18-045- 

Weight 
...     66-6 
33-4 


17-920 
17-319 
16-767 


Length  169  mm. ;  diameter  0'408  mm. 
Conducting  power 
Found 


T. 

8-270 
54-00 
99-90 


6-6850 
6-5826 
6-4987 


X  =  6-7032  -  0-0022167*  +  0-000001394*2. 


In  the  following  Table  I  have  given  the  results  in  such  a 
manner  that  they  may  be  easily  compared. 


TABLE. 


Pure  iron        

Other  pure  metals  in  a  solid  state. 

Alloy  3  

5 


Gold-silver* 

4 


German-silver  t 

7 


Conducting 
power 
atO° 


44-5 

31-6 

18-0 

15-0 

4-5 

10-6 

12-0 

7-8 

6-7 


Percentage  variation  in. 
conducting  power  be- 
tween 0°  and  100° 
38-2 
29-3 
15-5 
11-3 
7-1 
6-5 
5-9 
5-2 
4-8 
4-4 
3-1 


*  Phil.  Mag.  Feb.  1861. 


f  Phil.  Trans.  1862,  pt.  1. 
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The  method  and  apparatus  employed  for  the  above  deter- 
minations, together  with  the  precautions  taken  to  ensure  correct 
results,  have  already  been  described*.  We  have  made  only  three 
observations  between  0°  and  100°,  for  it  was  found  that  they  gave 
almost  exactly  the  same  formulae  for  the  correction  of  the  con- 
ducting power  for  temperature  as  if  we  had  taken  seven  or  more 
observations  between  0°  and  100°.  Each  of  the  above  values  for 
the  conducting  power,  at  those  temperatures,  is  the  mean  of  three 
or  more  observations.  It  was  easy  to  obtain  the  desired  tempera- 
tures as  a  mean  of  several  observations,  after  very  little  practice. 
I  have  no  doubt  that,  in  the  course  of  our  experiments,  we  shall 
be  able  to  find  an  alloy  the  conducting  power  of  which  will 
decrease  between  0°  and  100°  even  less  than  that  of  silver- 
platinum.  The  experiments  are  being  continued,  and  I  hope, 
before  the  next  meeting  of  the  Association,  to  be  able  to  lay 
before  you  results  which  will  throw  more  light  on  the  subject,  as 
well  as  to  propose  an  alloy  with  a  minimum  variation  in  its 
conducting  power  due  to  change  of  temperature,  which  may  be 
made  commercially  in  a  cheap  manner  of  the  common  commercial 
metals,  and  possessing  those  properties  which  are  essential  that  it 
should  have. 


APPENDIX  B. — On  the  Electrical  Permanency  of  Metals  and 
Alloys.    By  Dr  MATTHIESSEN,  F.R.S. 

Having,  in  conjunction  with  Prof.  Thomson,  been  requested  by 
your  Committee  to  make  some  experiments  on  this  subject,  we 
thought  it  advisable  for  one  of  us  to  undertake  some  preliminary 
experiments  in  which  all  possible  disturbing  causes  were  isolated. 
The  chief  of  these  are  : — oxidation  by  the  oxygen  of  the  air,  as  well 
as  by  acids  produced  by  the  oxidation  of  the  oil  or  grease  with 
which  a  wire  is  almost  always  covered  when  drawn,  as  the  holes  in 
the  draw-plates  are  generally  oiled  or  greased ;  stretching  during 
the  process  of  covering  and  winding ;  and  after  being  wound  on  the 
bobbin,  elongation  by  expansion  or  contraction,  owing  to  variations 
of  temperature,  etc.  These,  I  think,  have  been  obviated  in  the 
following  manner : — The  wires  were  carefully  wound  round  a  glass 

*  Phil.  Trans.  1862,  pt.  1. 
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tube  in  order  to  bring  them  into  a  smaller  compass,  and  after  taking 
them  off,  they  were  placed  inside  wide  glass  tubes,  and  soldered 
to  two  thick  copper  wires,  these  having  been  previously  passed 
through  corks  which  fitted  into  the  ends  of  the  glass  tube ;  through 
each  of  the  corks  a  small  glass  tube  passed,  drawn  out  in  the 
middle  to  enable  it  to  be  drawn  off  easily,  and  sealed  hermetically 
by  a  lamp.  The  wire  being  soldered  to  the  thick  copper  connectors, 
and  the  corks  fitted  into  the  tube,  dry  carbonic-acid  gas  was  led 
through  it  for  the  space  of  about  six  hours,  for  the  purpose  of 
drying  it  perfectly,  as  well  as  of  displacing  the  air  contained  in  it ; 
after  which  the  small  glass  tubes  were  melted  off  at  the  points, 
when  they  had  been  previously  drawn  out.  Tin  caps,  filled  with 
melted  marine  glue,  were  then  fitted  over  the  corks  and  the  ends  of 
the  tube,  to  prevent  diffusion  of  the  carbonic  acid  and  air  through 
the  corks.  The  whole  of  the  tin  caps  outside,  as  well  as  those 
parts  of  the  copper- wire  connectors  which  dipped  in  water  of  the 
bath  in  which  they  were  placed  whilst  being  tested,  were  covered 
with  a  thick  coating  of  marine  glue. 

The  wires  experimented  with  were  as  follows : — 


V  Cut  from  the  same  piece;  pure. 


1.  Silver:  hard-drawn  .. 

2.  Silver:  annealed 

3.  Silver:  hard-drawn "1  Cut  from  the  same  piece,  but  different 

4.  Silver:  annealed  J       from  1  and  2;   pure. 

5.  Copper:  hard-drawn ) 

Y  Cut  from  the  same  piece ;  pure. 

6.  Copper:  annealed      J 

7.  Copper:  hard-drawn |  Cut  from  the  same  piece,  but  different 

8.  Copper:  annealed      J       from  5  and  6;  pure. 

9.  Gold :  hard-drawn  . .  ]   ~  , 

>  Cut  from  the  same  piece ;  pure. 

10.  Gold:  annealed  j 

11.  Gold:  hard-drawn     |  Cut  from  the  same  piece,  but  different 

12.  Gold:  annealed          J       from  9  and  10;  pure. 

13.  Platinum:  hard-drawn         ...)   ~  ,  _ 

_..     .  h  Cut  from  the  same  piece  ;  commercial. 

14.  Platinum:  hard-drawn         ...J 

15.  Gold-silver  alloy :  hard-drawn  \  Cut   from    the  same  piece.      Made   by 

16.  Gold-silver  alloy :  hard-drawn  J       Messrs  Johnson  and  Matthey. 

/  Cut  from  the  same  piece.     No.  19  ar- 

17.  German-silver:  annealed      ...  ,      .,,     ,  , 

ranged   with   longer  connectors,  and 

18.  German-silver:  annealed      ...  -j  .      .         ...       ,  .  ,     , 

used  as  normal  wire  with  which  the 

19.  German -sil ver :  annealed 

\      rest  were  compared. 

The  reason  why  duplicates  were  made  in  each  case  was  that, 
in  case  any  of  them  should  by  any  cause  get  damaged,  the  experi- 
ments might  be  continued  with  the  duplicate.  When  being  tested, 
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they  were  placed  in  a  large  bath  containing  from  40  to  50  litres  of 
water.  By  testing  the  wires  at  20°  it  was  found  easy  to  keep 
that  temperature  in  the  bath,  during  the  experiments,  to  0°'l 
or  0°'2. 

Up  to  the  present  time,  that  is  to  say,  four  months  since  they 
were  first  tested,  the  conducting  power  of  the  wires  1,3,  and  5  has 
altered,  owing  to  becoming,  in  all  probability,  partially  annealed. 
Wire  8  has  also  altered  materially,  having  decreased  in  conducting 
power  3'5  per  cent. :  this  decrement  may  be  possibly  due  to  bad 
soldering.  The  differences  found  with  the  other  wires  are  so  very 
small,  that  it  is  impossible  to  say  whether  they  have  altered  or 
not;  for  00>1  or  0°*2  will  account  for  them.  It  was,  therefore, 
thought  better  to  wait  for  another  two  or  four  months  before 
giving  an  opinion  as  to  whether  they  alter  or  not ;  for  as  the  wires 
are  in  tubes  and  only  surrounded  by  carbonic  acid,  we  can  never 
be  absolutely  sure  that  the  wire  has  exactly  the  same  temperature 
as  the  bath,  more  especially  when  it  is  considered  that  each  time 
the  connexion  with  the  battery  is  made  the  wire  becomes  somewhat 
heated. 

If,  two  or  four  months  hence,  they  still  show  no  difference  in 
their  conducting  powers,  it  is  proposed  to  expose  the  one  set  to 
variations  of  temperature  such  as  may  occur  (for  instance,  from  0° 
to  40°),  and  then,  should  no  change  occur  in  their  conducting 
powers,  to  lead  a  weak  current  through  them,  say,  for  a  month ; 
for  it  has  been  asserted  that  a  current  passing  through  wire  causes 
a  permanent  change  in  its  conducting  power. 

If,  after  these  experiments  the  conducting  power  of  the  wires 
remains  unaltered,  the  different  forms  of  resistance-coils,  made 
from  those  wires  which  have  shown  themselves  permanent,  will 
then  be  tested  in  order  to  prove  which  is  the  best  form  of  coil  for 
the  British-Association  unit. 
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APPENDIX  C. — On  the  Reproduction  of  Electrical  Standards  by 
Chemical  Means.  By  Professor  WILLIAMSON,  F.R.S.,  and 
Dr  MATTHIESSEN,  F.R.S. 

In  the  following  Report  we  have  discussed,  more  especially 
from  a  chemical  point  of  view,  the  relative  merits  of  the  different 
propositions  which  have  been  made  to  reproduce  standards  of 
electric  resistance,  and  have  treated  them  under  three  heads : — 

I.  Those  reproduced  by  a  given  length  and  section  or  weight,  at 
a  given  temperature,  of  a  pure  metal  in  a  solid  state. 

II.  Those  reproduced  by  a  given  length  and  section  or  weight,  at 
a  given  temperature,  of  a  pure  metal  in  a  liquid  state. 

III.  Those  reproduced  by  a  given  length  and  section  or  weight,  at 
a  given  temperature,  of  an  alloy. 

The  points  on  which  we  shall  speak  will  be : — 

1.  On  their  preparation  in  a  state  of  purity. 

2.  On  their  homogeneity  and  their  molecular  condition. 

3.  On  the  effect  of  annealing  on  their  conducting  power. 

4.  On  the  influence  of  temperature  on  their  conducting  power. 

I.     Those  reproduced  by  a  given  length  and  section  or  weight,  at 
a  given  temperature,  of  a  pure  metal  in  a  solid  state. 

As  type  of  this  class  we  have  chosen  copper,  for  it  has  been 
more  extensively  used  as  a  unit  of  electric  resistance,  both  by 
scientific  as  well  as  by  practical  men,  than  any  other  metal  or 
alloy ;  but  what  we  are  about  to  say  regarding  copper  will  hold 
good  in  almost  every  case  for  all  pure  metals  in  a  solid  state. 

1.  On  its  preparation  in  a  state  of  purity. — As  traces  of  foreign 
metals  materially  affect  the  conducting  power  of  most  pure  metals, 
it  is  of  the  utmost  importance  that  those  used  for  the  reproduction 
of  units  of  electric  resistance  should  be  absolutely  chemically  pure. 
The  difficulty  in  obtaining  absolutely  pure  metals  even  by  chemists 
is  very  great.  Thus,  for  instance,  Becquerel*  found  the  conducting 
power  of  pure  gold  at  0°  equal  to  68'9,  compared  with  that  of  pure 
silver  at  0°  equal  to  100 ;  whereas,  under  the  same  circumstances, 
Matthiessen  and  Von  Bosef  found  it  equal  to  7  7 '9 — showing 

*  Ann.  de  Chim.  et  de  Phys.  (1846),  t.  xvii.  p.  242. 
t  Phil.  Trans.  1862,  pt.  1. 
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a  difference  of  about  12  per  cent,  in  the  values  observed  for 
the  conducting  power  of  gold,  prepared  pure  by  different 
chemists.  This  difference  may  be  due  to  the  silver  not  being 
pure,  or  to  all  of  them  being  more  or  less  pure.  Now  when  we 
consider  that  these  standards  are  required  by  electricians  and 
other  physicists  who  have  little  or  no  acquaintance  with  chemical 
manipulation,  and  that  the  cost  of  the  preparation  of  absolutely 
pure  metals  by  scientific  chemists  would  be  very  expensive  on 
account  of  the  time  and  trouble  they  require,  we  think  that  this 
fact  alone  constitutes  a  very  serious  drawback  to  their  use  as 
a  means  for  the  reproduction  of  standards  of  electric  resistance. 
From  the  experience  which  one  of  us  has  had  on  this  subject,  it  is 
more  than  probable  that  if  pure  metals  be  prepared  by  different 
chemists  in  the  ordinary  way  of  business,  variations  in  their  con- 
ducting power  would  be  found  equal  to  several  per  cent.  Thus, 
copper  supplied  as  pure  by  a  well-known  assayer  had  a  conducting 
power  equal  to  92,  whereas  pure  copper  conducts  at  the  same 
temperature  100*.  Again,  the  pure  gold  of  the  assayer  conducts 
only  65*5,  whereas  pure  gold  at  the  same  temperature  would  have 
a  conducting  power  equal  to  73 f.  In  order  to  show  that  the 
conducting  power  of  commercial  metals  varies  to  a  great  extent, 
we  give  in  the  following  Table  (X)  the  values  found  for  that  of 
the  different  coppers  of  commerce ;  and  it  will  be  evident  from  it, 
that  to  take  a  given  length  and  weight  or  section  of  a  commercial 
metal  as  unit,  as  has  often  been  done,  is  very  wrong,  and  can  only 
lead  to  great  discrepancies  between  the  results  of  different  observers. 

TABLE  X.J 

(All  the  wires  were  annealed.) 

Pure  copper 

Lake  Superior  native,  not  fused 
Ditto,  fused,  as  it  comes  in  commerce 

Burra  Burra 

Best  selected  ... 
Bright  copper  wire    ... 

Tough  copper 

Demidoff 
Eio  Tinto 


Conducting  power 

lOO'O  at  15-5 

98-8 

15-5 

92-6 

15-0 

887 

14-0 

81-3 

14'2 

72-2 

15-7 

71-0 

17-3 

59-3 

12-7 

14-2 

14-8 

Similar  variations  will  be  found  with  most  other  metals,  and 
we  shall  give  examples  of  these  further  on. 

*  Proceedings  of  the  Royal  Society,  vol.  xi.  p.  126. 

+  Phil.  Trans.  1860,  p.  176. 

£  Report  of  the  Government  Submarine  Cable  Committee,  p.  335. 
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2.  On  its  homogeneity  and  its  molecular  condition. — It  is  well 
known  that  the  wires  of  some  metals  require  much  more  care  in 
drawing  than  in  others :  thus,  copper  and  silver,  if  not  annealed 
often  enough  during  the  process  of  drawing,  will  often  become 
quite  brittle,  and  break  off  short  when  bent.  Now,  if  the  fracture 
be  closely  observed,  it  will  be  seen  that  the  wire  is  hollow ;  in 
fact,  wherever  it  is  broken,  cavities  will  be  found,  and  sometimes 
of  a  millimetre  or  two  in  length ;  so  that  such  a  wire  may  almost 
be  regarded  as  a  tube  with  a  very  fine  bore.  The  reason  of  this  is 
simply  that  in  not  annealing  the  wire  often  enough,  the  internal 
part  of  it  becomes  hard  and  brittle,  whilst  the  outside  remains 
annealed  from  the  heat  evolved  by  its  passage  through  the  holes 
of  the  draw-plates ;  after  a  time,  however,  the  inside,  being  very 
brittle,  will  give  way,  whilst  the  outside  is  still  strong  enough  to 
bear  the  force  used  in  drawing  it  through  the  draw-plates.  These 
places  in  the  wires  are  easily  discovered  on  drawing  the  wire  finer; 
for  then  at  these  points  the  wire  slightly  collapses,  owing  to  the 
quicker  elongation  of  the  weak  points  by  the  force  used  in  drawing. 
Silver  and  copper  are  the  only  metals  which  have  been  experi- 
mented with  in  this  manner;  we  are  therefore  unable  to  say 
whether  it  may  occur  with  the  other  metals.  However,  although 
no  such  wires  could  be  used  for  experiments,  yet  what  has  been 
shown  possible  to  occur  to  such  a  marked  extent  when  purposely 
trying  to  obtain  such  results,  may  occur  to  some  slight  extent, 
especially  when  great  care  is  not  used,  and  when  the  wires  are 
drawn  by  different  persons.  This  may  explain  why,  with  some 
metals  and  alloys  of  the  same  preparation,  conducting  powers  are 
often  obtained  which  vary  several  per  cent.  For  instance,  W.  Thom- 
son* found  the  conducting  power  of  several  alloys  of  copper  which 
he  had  had  made  and  tested  to  alter  considerably  on  being  drawn 
finer;  some  of  them  were  faulty  from  the  cause  we  have  just 
mentioned,  and,  on  their  being  drawn  finer,  these  places  showed 
themselves  and  were  then  cut  away. 

It  has  also  been  shown  f  that  when  copper  wire  is  heated  to 
100°  for  several  days,  a  permanent  alteration  takes  place  in  its 
conducting  power:  thus,  with  the  first  wire  experimented  on,  it 
increased  almost  to  the  same  extent  as  if  it  had  been  annealed. 
With  the  second  wire  the  increment  was  not  nearly  so  large  as 

*  Proceedings  of  the  Royal  Society,  vol.  xi.  p.  126. 
t  Phil.  Trans.  1862,  pt.  1. 
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with  the  first,  and  with  the  third  it  hardly  altered  at  all.  That 
this  is  not  due  to  one  or  the  other  of  the  wires  being  faulty  in  the 
just-mentioned  manner  is  proved, 

1st,  By  the  close  agreement  in  the  conducting  powers. 

2nd,  By  the  close  agreement  between  the  differences  in  the 
values  found  for  the  conducting  powers  of  the  hard-drawn  and 
annealed  wires.  They  were  : — 

1st  wire  at  0°   2nd  wire  at  0°   3rd  wire  at  0° 

Hard-drawn 99'5  lOO'O  100-3 

Annealed        101 '8  102-1  102'2 

The  values  given  for  the  hard-drawn  wires  are  those  which 
were  observed  before  the  wire  was  heated  at  all. 

3rd,  That  the  same  occurs  with  pressed  wires:  thus, with  bismuth 
it  was  found  that  the  pieces  of  the  same  wire  behaved  differently ; 
wire  1  showing,  after  1  day's  heating  to  100°,  an  increment  in  the 
conducting  power  of  16  per  cent.,  whereas  wire  2  increased,  although 
a  piece  from  the  same  length  of  wire,  9  per  cent. 

Again,  take  the  case  of  tellurium,  and  taking  the  conducting 
power  of  each  bar  at  first  equal  to  100,  we  find  that  the  conducting 
power  of  bar  1  had  decreased  after  13  days'  heating  to  4,  where  it 
then  remained  constant,  that  of  bar  2  after  32  days  became 
constant  at  19,  and  that  of  bar  3  after  33  days  at  6. 

The  cause  of  these  marked  changes  in  the  conducting  power 
must  therefore  be  looked  for  in  the  molecular  arrangement  of  the 
wires  or  bars  employed.  In  the  case  of  copper,  they  may  be,  and 
probably  are,  due  to  the  partial  annealing  of  the  wires ;  for  we  find 
that  wire  1,  although  the  conducting  power  increased  after  having 
been  kept  at  100°  for  several  days  almost  to  the  same  extent  as  if 
it  had  been  annealed,  yet,  on  annealing  it,  it  only  gained  as  follows 
(the  results  obtained  with  wires  2  and  3  are  added) : — 

1st  wire  at  0°       2nd  wire  at  0°       3rd  wire  at  0° 
Hard-drawn       99 '5  lOO'O  100-3 

A^sbainigOO?Pt  S6Verali     101'6  101'6  100'6 

After  annealing 101-8  102'1  102-2 

The  above  shows  that,  in  all  probability,  the  annealing  plays 
here  a  part,  but  not  the  whole,  in  the  change ;  for  otherwise  why 
do  the  wires  behave  differently  ?  This  point  will  be  fully  discussed 
in  another  Report  which  will  be  laid  before  your  Committee,  and 
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in  which  it  will  be  shown  where  the  hard-drawn  wires  become 
partially  annealed,  and  annealed  wires  partially  hard  -drawn,  by  age. 

It  is  a  curious  fact  that  a  change  in  the  molecular  arrangement 
of  the  particles  of  wire  of  some  metals  which  may  be  considered 
homogeneous  has  very  little  effect  on  its  electric  conducting  power. 
Thus  pure  cadmium*,  which  when  cold  is  exceedingly  ductile, 
becomes  quite  brittle  and  crystalline  at  about  80°,  and  returns 
again  to  its  ductile  condition  on  cooling,  shows  no  marked  change 
in  its  conducting  power  at  that  temperature  ;  in  fact,  it  behaves 
as  if  no  such  change  had  taken  place.  Again,  when  iron  wire  is 
heated  in  a  current  of  ammonia  it  becomes  perfectly  brittle  and 
crystalline,  without  altering  its  conducting  power  to  any  marked 
extent. 

That  a  wire  which  changes  its  molecular  condition  in  becoming 
crystalline  does  not  necessarily  materially  alter  in  its  conducting 
power,  is  an  important  as  well  as  a  very  interesting  point,  and  has 
also  been  proved  in  the  case  of  German-silver. 

3.  On  the  effect  of  annealing  on  the  conducting  power.  —  When 
hard-drawn  wires  of  silver,  copper,  gold,  etc.  are  heated  to  redness 
and  cooled  slowly,  they  become  much  softer,  and  on  testing  their 
conducting  powers  they  will  be  found  to  have  increased  thus  :  — 

Silver  Copper  Gold  According  to 

Taking  the  hard-drawn)    100.Q  100.Q  1Q().0 

wire  ay  j 

The  annealed  will  be...     107'0  102*6  101-6         Becquerelt 


Ditto    .........     109-0       102-3       102-0 

Ditto    .........     110*0      106*0  Siemens  § 

Now  there  is  a  certain  difficulty  in  drawing  a  wire  which  is 
hard-drawn;  and  if  annealed  wires  be  used  for  the  reproduction 
of  standards,  the  molecular  condition,  or  perhaps  the  process  of 
annealing,  has  an  influence  on  the  increment  of  the  conducting 
power.  Thus,  according  to  Siemens  ||,  the  difference  in  the  con- 
ducting power  between  hard-drawn  and  annealed  silver  varies 
between  12'6  and  8  per  cent.,  and  that  of  copper  between  6  and 
—  0'5  per  cent.  ;  according  to  Matthiessen  and  Von  Bose^F,  that  of 
silver  varies  between  10  and  6  per  cent.,  and  that  of  copper 
between  2*6  and  2  per  cent. 

*  Phil.  Trans.  1862,  pt.  1. 

t  Ann.  de  Chim.  et  de  Phys.  1846,  t.  xvn.  p.  242. 

I  Phil.  Trans.  1862,  pt.  1.  §  Phil.  Mag.  Jan.  1861.  ||  Ibid. 

IT  Matthiessen  and  Vogt's  unpublished  researches. 
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Again,  the  annealed  wires  of  pure  metals  are  so  soft  that  they 
would  easily  get  damaged  in  covering  them  with  silk  or  winding 
them  on  the  bobbins,  so  that  in  using  them  the  utmost  care  would 
have  to  be  employed  in  order  to  prevent  their  getting  injured. 

4.  On  the  influence  of  temperature  on  the  electric  conducting 
power. — It  has  been  shown  that  the  conducting  power  of  most 
pure  metals  decreases,  between  0°  and  100°,  2 9 '3  per  cent. :  pure 
iron  has  been  found  to  form  an  exception  to  this  law,  its  conducting 
power  decreasing  between  those  temperatures  38'2  per  cent.  If 
pure  metals  be  therefore  used  as  standards,  very  accurate  thermo- 
meters are  necessary,  as  an  error  of  0*1°  in  comparing  two  standards 
would  cause  an  error  in  the  resistance  of  about  0*04  per  cent.  Now 
there  is  great  difficulty  in  obtaining  normal  thermometers ;  and  we 
must  bear  in  mind  that  supposing  the  zero-point  of  the  thermo- 
meter is  correct  to-day,  we  are  not  at  all  justified  in  assuming  that 
it  will  be  so  in  six  months  time ;  so  that  we  ought  to  redetermine 
the  zero-point  of  the  thermometer  before  using  it  for  the  above 
purpose.  Again,  it  has  been  proved  that  the  influence  of  tempera- 
ture on  the  conducting  power  of  wires  of  the  same  metal  is  not 
always  the  same*.  Thus,  for  the  conducting  power  of  annealed 
copper  wires  the  following  values  were  found : — 

No.  1  No.  3 

0*  100-0  lOO'O 

20°  92-8  92-4 

40°  86-3  85-6 

60°  80-4  79-6 

80°  75-1  74-4 

100°  70-5  70-0 

showing  therefore  that  if  standards  of  pure  metals  be  used,  the 
influence  of  temperature  on  the  conducting  power  of  each  would 
have  to  be  ascertained.  It  must  also  be  borne  in  mind  that  it  is 
not  at  all  easy  to  maintain  a  standard,  even  in  a  bath  of  oil  or 
water  at  a  given  temperature,  for  any  length  of  time. 

II.     Those  reproduced  by  a  given  length  and  section  or  weight,  at 
a  given  temperature,  of  a  pure  metal  in  a  liquid  state. 

The  only  metal  which  has  been  proposed  to  be  used  in  a  liquid 
state  for  the  reproduction  of  units  of  resistance  is  mercury.  We 
shall  only  have  to  speak  of  its  preparation  in  a  state  of  purity,  and 
on  the  influence  of  temperature  on  its  conducting  power.  For 

*  Phil.  Trans.  1862,  pt.  1. 
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a  tube,  carefully  filled  with  mercury,  will  certainly  form  a  homo- 
geneous column,  and  its  molecular  condition  will  always  be  the 
same  at  ordinary  temperatures. 

On  its  preparation  in  a  pure  state. — Although  this  metal  is  one 
of  the  most  easily  purified,  yet  the  use  of  it  as  a  standard  is  open 
to  the  same  objections,  although  in  a  less  degree,  as  have  been 
advanced  against  the  use  of  pure  metals  in  a  solid  state  when 
speaking  of  their  preparation.  We  there  stated  that  metals  pre- 
pared by  different  chemists  conducted  differently.  Now  although 
the  same  manipulator  may  obtain  concordant  results  in  purifying 
metals  from  different  sources,  yet  that  by  no  means  proves  that  the 
results  of  different  observers  purifying  the  same  metal  would  show 
the  same  concordance.  Thus  we  find  that  the  values  obtained  by 
one  experimenter*  for  the  resistance  of  mercury,  determined  in  six 
different  tubes,  varied  1*6  per  cent.  This  difference,  he  says,  is 
not  greater  than  was  to  be  expected.  The  resistances  found  were 
as  follows : — 

Tubes   I  II  III  IV  V  VI 

Experiment...  1016'52       427'28      555'38       21773       194'70       1142-3 
Calculated  ...  1025-54       427'28       555*87       216*01       193'56       1148-9 

Again,  the  values  found  for  the  conducting  power  of  different 
preparations  of  pure  hard-drawn  gold,  by  the  same  observer  f,  were 
found  equal  to 

78-0  at  0°  78-2  at  0°  76'8  at  0° 

79-5    „  78-3    „  76-7    „ 

77-0    „  78-0    „  77-3    „ 

These  values  agree  together  as  well  as  might  be  expected,  con- 
sidering that  0*01  per  cent,  impurity  would  cause  these  differences. 
Now  the  values  obtained  by  different  observers  vary  between  the 
numbers  59  and  78. 

If  we  now  take  the  case  of  copper,  the  values  found  by  the 
same  experimenters  J  for  different  preparations  of  the  pure  hard- 
drawn  metal  were : — 

99-9  at  0°  99*4  at  0°  99*8  at  0° 

101-0     „  99-4     „  100-3     „ 

99-8     „  99-9     „  100-0    „ 

99-9     „ 

*  Phil.  Mag.  Jan.  1861.  The  same  experimenter  (Dr  Siemens)  states,  however, 
in  a  later  paper  (Pogg.  Ann.  cxm.  p.  95),  that  he  is  able  to  reproduce  standards  of 
resistance  by  means  of  mercury  with  an  accuracy  equal  to  0*05  per  cent.,  but  does 
not  indicate  what  other  precautions  he  takes  (see  remarks  on  the  above,  Phil.  Mag. 
Sept.  1861). 

t  Phil.  Trans.  1862,  p.  12.  £  Ibid.  p.  9. 
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They  were  drawn  by  themselves,  and  all,  with  one  exception, 
electrotype  copper. 

It  is  well  known  how  differently  the  so-called  pure  copper 
conducts  when  prepared  by  different  experimenters.  In  the 
following  Table,  in  order  to  show  these  facts  more  clearly,  we  have 
given  the  conducting  powers  of  the  metals,  taking  that  of  silver 
equal  100  at  0°.  Silver,  copper,  gold,  and  platinum  were  hard- 
drawn.  All  values  given,  except  where  the  contrary  is  mentioned, 
have  been  reduced  to  0°. 


Siemens 

Lenz 

Becquerel 

Matthiessen 

Silver* 

100 

100 

100 

100 

Copper  

96-9 

73-4 

95-3 

99-9 

Gold  .  .     . 

58-5 

66'9 

78-0 

Cadmium  ... 

26'3 

23-7 

Zinc 

257 

29-0 

Tin  

22-6 

15-0 

12-3 

Iron            .    . 

13-0 

13-1 

14-4  at  20'4 



10-7 

8-8 

8-3 

Platinum  .    . 

14-2 

10-4 

8-6 

10-5  at  207 

Mercury    

1-72 

3'42  at  18-9 

1-86 

1-65 

If,  now,  mercury  be  taken  as  unit,  we  find  the  following  values : — 


Siemens 

Lenz 

Becquerel 

Matthiessen 

Silver  

58-20 

29-24 

53-76 

60-60 

Copper  .       ... 

56  '40 

21-46 

51-23 

60-55 

Gold 

17-10 

37-04 

47-27 

Cadmium  
Zinc 

— 

14-14 
13-82 

14-42 
17-70 

Tin     



6-59 

8-10 

7-45 

Iron            . 

3-80 

7-04 

8'72  at  20'4 

Lead       ...     . 

3-12 

4-73 

5-03 

Platinum  
Mercury     

8-25 
100 

3  "04 
1-00  at  18-7 

4-62 
1-00 

6-36  at  20-7 
1-00 

A  glance  at  the  foregoing  Tables  will  suffice  to  show  how  badly 
Lenz's  series  agrees  with  the  rest  when  mercury  is  taken  as  unit ; 
and,  in  fact,  we  obtain  more  concordant  results  if,  in  the  above 
series,  we  take  any  other  metal  as  unit.  These  facts  therefore 


*  This  and  the  following  Table  have  been  copied  from  a  paper  published  in  the 
Phil.  Mag.  for  Sept.  1861. 
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seem  to  indicate  that  mercury  is  not  yet  proved  to  be  a  safe  means 
of  reproducing  standards  of  electric  resistance. 

The  influence  of  temperature  on  the  conducting  power  of 
mercury,  between  0°  and  100°,  is,  comparatively  speaking,  small, 
being  only  8'3  per  cent.,  whereas  that  of  the  metals  in  a  solid  state 
decreases  between  those  limits  29*3  per  cent.  This  property 
would,  of  course,  render  the  use  of  very  accurate  thermometers 
unnecessary;  for  1°  wOuld  only  cause  a  difference  in  the  con- 
ducting power  of  about  0*08  per  cent.,  and  therefore  0°'l  only 
0'008  per  cent.,  so  that  an  error  of  1  or  2  tenths  of  a  degree  might 
almost  be  overlooked. 

A  fact  has  just  come  to  our  knowledge  through  Mr  Jenkin. 
He  informs  us  that,  having  to  make  a  report  on  the  electrical 
apparatus  in  the  International  Exhibition,  he  tested,  amongst 
other  things,  several  resistance-coils.  Now  he  found  two  sets  of 
coils  made  by  the  same  firm,  the  one  exhibited  in  the  Prussian, 
the  other  in  the  English  department.  Both  were  said  to  be 
multiples  of  the  mercury  unit  proposed -by  Siemens*,  and  their 
resistances  determined  by  comparing  a  coil  in  each  set  with  that 
of  a  tube  filled  with  mercury.  Taking  each  set  by  itself  and  com- 
paring the  coils  in  it  with  one  another  in  the  proper  combination, 
they  were  found  to  be  perfect ;  in  fact,  the  adjustment  of  them 
was  perfectly  accurate.  When,  however,  Mr  Jenkin  compared 
coils  of  the  two  sets  with  each  other,  instead  of  being  equal,  they 
were  found  to  show  a  difference  of  T2  per  cent.f 

III.     Those  reproduced  by  a  given  length  and  section  or  weight, 
at  a  given  temperature,  of  an  alloy. 

The  alloy  on  which  we  have  to  speak  is  that  composed  of  two 
parts  by  weight  of  gold  and  one  of  silver.  The  reason  why  this 
alloy  was  proposed  is  that  the  use  of  (say)  1  per  cent,  more  or  less 
gold  does  not  materially  alter  its  conducting  power. 

1.  On  its  preparation  in  a  state  of  purity. — It  has  been  shown 
that  the  alloy  may  be  made  of  commercially  pure  metals  and  have 
the  same  conducting  power  as  that  made  from  chemically  pure 
ones;  for  the  maximum  differences  in  the  conducting  power  between 

*  Phil.  Mag.  Feb.  1861. 

t  This  discrepancy  may  perhaps  be  attributed  to  some  inaccuracy  in  the  repro- 
duction of  the  mercury  standard. 
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those  made  in  different  parts  of  the  world  are  not  greater  than 
those  of  a  pure  metal,  either  in  a  solid  or  liquid  state,  prepared  by 
the  same  experimenter.  But  it  may  be  urged  that  part  of  the 
differences  obtained  by  different  observers  are  due  to  the  different 
methods  employed  in  determining  their  conducting  powers,  and 
therefore  had  the  conducting  power  of  these  alloys  been  determined 
by  different  persons,  much  greater  differences  would  have  been 
found.  In  answer  to  this,  we  give,  in  the  following  Table,  the 
determination  of  the  conducting  power  of  several  alloys  by  Thomson 
and  Matthiessen*,  independently  of  one  another.  The  alloys  were 
made  by  Messrs  Johnson  and  Matthey. 


Alloy 
1 
2 
3 
4 
5 
6 
7 


Thomson 

100-0 

95-8 
102-9 
100-8 

98-1 

89-9 

80-6 


Matthiessen 
100-05 

95-0 
102-7 

99-1 

97-7 

92-7 

80-06 


Pure  copper 
1 
2 
3 
4 


Thomson 
107-0 
107-5 
108-7 
107-7 


Matthiessen 
107-2 
105-9 
106-9 
108-1 


The  differences  here,  with  the  exception  of  alloy  6  and  copper 
2,  may  be  due  to  the  temperature  at  which  the  observations  were 
made  not  being  in  both  cases  the  same ;  for  2  or  3  degrees'  differ- 
ence will  account  for  them.  The  Table,  however,  shows  that 
different  observers  do  obtain  the  same  values  for  the  conducting 
power  of  the  wires. 

The  values  obtained  for  the  conducting  power  of  the  gold-silver 
alloy,  made  by  different  persons,  of  different  gold  and  silver,  are 
given  in  the  following  Table  : — 


Alloy 
1 
2 
3 
4 
5 
6 
7 
8 


Hard-drawn 

100-3 

100-2 

98-8 

100-4 

99-7 

100-3 

100-1 


Annealed 

100-6 

100-7 

99-2 

100-2 

100-7 

99-8 

100-8 

100-4 


*  Proceedings  of  the  Royal  Society,  Feb.  1861. 
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which  shows,  therefore,  that  the  alloy  may  be  prepared  in  a  com- 
mercial way,  and  still  have  a  conducting  power  which  varies  less 
than  that  of  a  pure  metal  prepared  at  different  times  by  the  same 
experimenter.  If  we  look  at  the  hard-drawn  series,  we  find  five 
out  of  the  seven  wires  tested  agree  together  exceedingly  well,  the 
greatest  difference  being  only  O3  per  cent.  These  five  alloys  were 
made,  three  in  London,  by  scientific  chemists,  one  in  Frankfort- 
on-the-Maine,  and  one  in  Brussels.  Those  which  agree  least  with 
the  others  were  made  in  New  York  (No.  3)  and  by  a  well-known 
assay er  in  London  (No.  6). 

2.  On  its  homogeneity  and  its  molecular  condition. — If  the 
wires  of  the  alloy  made  and  drawn  by  different  persons  were  not 
homogeneous,  the  values  obtained  for  the  conducting  power  could 
not  have  agreed  so  well  together.  It  has  been  already  mentioned 
that  some  of  the  alloys  determined  by  Thomson,  when  redrawn, 
were  found  to  have  a  different  conducting  power*. 

Conducting  power  of  wire  as  Conducting  power  after 
Alloy              received  from  the  wire-drawer  being  redrawn 

1  100-0  100-0 

2  100-7  95-8 

3  103-9  102-9 

4  94-6  100-8 

5  96-0  98-1 

6  92-0  89-9 

7  747  86-0 
Pure  copper  lOO'O  98 '6 

Of  course,  here  again,  some  of  these  differences  are  due  to  the 
temperature  in  each  case  not  being  the  same ;  but  the  differences 
found  with  the  alloys  2,  4,  and  6  were  undoubtedly  due  to  faulty 
wires.  It  was  for  this  reason  that  care  was  taken  to  have  the 
alloy  drawn  by  different  persons,  in  order  to  see  if  this  would 
influence  the  results  obtained  with  them,  as  well  as  to  ascertain 
whether  the  wires  would  show  the  same  faults  as  silver  and  copper 
does  when  not  carefully  drawn.  It  has  been  argued  that  the 
molecular  condition  of  all  alloys  is  liable  to  undergo  a  change  by 
age,  and  that,  therefore,  alloys  are  not  fit  to  be  used  as  standards. 
Thus  it  is  well  known  that  brass  and  German-silver  become  brittle 
and  crystalline  by  age,  and  that  the  same  may  occur  with  the  gold- 
silver  alloy ;  but  on  looking  at  the  composition  of  the  alloy,  it  will 
be  found  to  be  nearly  the  same  as  that  of  the  gold  chains  of 
commerce.  Now,  we  do  not  know  of  a  single  instance  where  such 

*  Proceedings  of  the  Royal  Society,  Feb.  1861. 
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a  chain,  even  after  years  of  use,  becomes  brittle  or  crystalline ;  so 
that  we  think  it  more  than  possible  that  the  alloy  will  not  change 
its  molecular  condition  by  age.  It  must  also  be  remembered  that 
even  when  German-silver  becomes  brittle,  it  does  not  materially 
alter  in  its  conducting  power.  The  same  has  already  been 
proved,  and  mentioned  in  this  Report,  to  be  the  case  with  iron 
and  cadmium. 

3.  On  the  effect  of  annealing  on  the  conducting  power  of  the 
alloy. — When  the  alloy  is  heated  to  redness  and  cooled  slowly,  its 
conducting  power  was  found  to  have  increased  only  0'3  per  cent. — 
this  value  being  the  mean  of  eight  wires  annealed  in  different 
ways, — proving,  therefore,  that  if  the  wires  may  be  only  partially 
hard-drawn,  it  will  make  but  little  difference  in  the  conducting 
power. 

4.  On  the  influence  of  temperature  on  the  conducting  power  of 
the  alloy. — When  wires  of  this  alloy  are  heated  from  0°  to  100°,  a 
decrement  in  the  conducting  power,  amounting  to  6*5  per  cent., 
will  be  found.    The  same  arguments  may,  therefore,  be  put  forward 
in  favour  of  the  use  of  the  alloy  as  a  standard,  as  in  the  case  of 
mercury  when  speaking  of  this  property. 

To  sum  up,  therefore,  the  arguments  in  favour  of  and  against 
the  use  of  the  three  propositions  made  to  reproduce  standards  of 
electric  resistance,  we  find  in  favour  of  a  pure  metal  in  a  solid 
state : — 

That  it  appears  that  all  descriptions  of  electrotype  copper,  when 
carefully  drawn,  have  the  same  conducting  power. 

Against  it : — 

1.  That  their  preparation,  with  the  exception  of  the  electro- 
type copper  in  a  state  of  purity,  is  exceedingly  difficult ;  so  that 
independent  persons  preparing  the  same  metal  find,  on  comparing 
the  conducting  powers  obtained  for  them,  that  they  vary  several 
per  cent. 

2.  That  the  influence  of  annealing  on  their  conducting  powers 
is  so  great  that  differences  may  occur  simply  because  the  wires  are 
partially  hard-drawn. 

3.  That  the  influence  of  temperature   on   their  conducting 
power  is  very  great ;  so  that  slight  errors  in  thermometers,  or  in 
the  reading  of  them  off,  would  materially  affect  the  result. 

In  favour  of  using  mercury  as  a  means  of  reproducing  standards 
the  following  may  be  said : — 

3—2 
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1.  That  no  molecular  change  can  take  place  in  the  metal,  nor 
can  any  alteration  occur  in  its  conducting  power,  on  account  of 
annealing;  for  its  temper  is  always  the  same. 

2.  That  the  influence  of  temperature  has  only  a  small  effect 
upon  its  conducting  power. 

And  against  it : — 

1.  That  there  is  a  difficulty  in   obtaining  absolutely  pure 
mercury ;  so  that  the  results  obtained  by  different  observers  show 
great  variations. 

2.  That  the  standard  tube  cannot  be  kept  full  of  mercury  for 
any  length  of  time,  owing  to  the  diffusion  of  impure  metal,  arising 
from  the  amalgamated  terminals,  into  the  narrow  tube;  so  that 
each  time  the  standard  has  to  be  used,  it  must  practically  be 
remade. 

3.  If  the  tube  be  broken  during  the  process  of  cleaning  or 
otherwise,  it  is  not  yet  certain  with  what  exactitude  the  standard 
could  be  reproduced. 

4.  It  is  doubtful  whether  the  resistance  of  a  tube  filled  with 
mercury  to-day  will  have  the  same  resistance  if  filled  a  year  hence ; 
for  we  have  no  proof  if  the  dimensions  of  the  tube  will  not  alter 
by  being  kept.     It  is  well  known  that  the  bulbs  of  thermometers 
are  liable  to  change,  and  are  continually  changing,  in  capacity. 

In  favour  of  the  gold-silver  alloy  it  may  be  said : — 

1.  That  this  material,  when  prepared  and  drawn  by  different 
persons,  was  found  not  to  vary  in  its  conducting  power  more  than 
1*6  per  cent. ;  whereas  the  variations  found  with  the  metals  in  a 
solid  state,  prepared  and  drawn  by  different  persons,  amount  to 
several  per  cent.,  and  those  found  for  mercury  by  different  observers 
amount  also  in  all  cases  to  several  per  cent. 

2.  That   the   homogeneity  and   molecular  condition  of  this 
alloy  are  always  the  same. 

3.  That  the  effect  of  annealing  on  the  conducting  power  is 
very  small,  being  only  O3  per  cent. ;  so  that  if  a  wire  be  partially 
hard-drawn,  its  conducting  power  will  not  suffer  to  any  appreciable 
extent. 

4.  That  the  influence  of  temperature  on  its  conducting  power 
between  0°  and  100°,  viz.  a  reduction  of  6 '5  per  cent.,  is  smaller 
than  either  that  of  the  metals  in  a  solid  state,  viz.  29'3  per  cent., 
or  that  of  mercury,  viz.  8'3  per  cent. 

And  against  it : — 
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That  the  conducting  power  may  alter  by  age,  as  the  physical 
properties  of  alloys  are  more  likely  to  change  than  those  of  metals. 

From  the  foregoing  statements,  based  on  facts  at  present 
known,  it  would  appear  that  the  best  method  of  reproducing 
standards,  for  those  who  are  unable  to  procure  copies  of  the 
British- Association  unit  of  electrical  resistance,  is  that  they  should 
make,  or  have  made,  a  certain  amount  of  the  gold-silver  alloy  (as 
described  in  the  Phil.  Mag.  Feb.  1861),  by  two  or  three  different 
persons,  in  order  to  ensure  a  correct  result,  and  take  a  given 
length  and  section  or  weight  of  it,  at  a  given  temperature,  which 
has  been  found  equal  in  resistance  to  the  British-Association  unit. 
We  would  recommend,  in  order  further  to  test  what  we  have 
stated  in  the  foregoing  Report,  that  three  or  more  scientific  men 
and  electricians  be  requested  to  compare  the  resistances  of  pure 
mercury  (obtained  by  them  from  the  best  sources  they  are  able) 
and  of  the  gold-silver  alloy  (made  in  the  manner  described  in  the 
Phil.  Mag.)  with  a  German-silver  standard  supplied  to  them  by 
your  Committee.  If  this  be  done,  results  would  be  obtained  which 
would  put  an  end  to  many  disputes  on  the  subject,  as  well  as 
decide  which  of  the  above  means  is  practically  the  best  for  repro- 
ducing standards  of  electrical  resistance  where  no  copies  of  the 
British-Association  unit  can  be  obtained. 


APPENDIX  D. — Professor  KIRCHHOFF'S  Letter. 
To  Fleeming  Jenkin,  Esq. 

Heidelberg,  June  8,  1862. 

DEAR  SIR, — I  have  the  honour  to  acknowledge  the  receipt  of 
your  letter  of  the  31st  of  May,  in  which  you  inform  me  of  the 
labours  of  the  Committee  appointed  by  the  British  Association,  to 
try  and  bring  about  the  general  introduction  of  one  unit  of  electrical 
resistance.  I  gladly  respond  to  the  invitation  to  express  my  view 
on  the  manner  in  which  the  desired  object  might  be  best  attained. 

To  define  the  unit  of  resistance  by  the  resistance  of  a  wire  of 
given  dimensions  of  a  pure  metal  appears  to  me  impossible,  for  the 
reasons  which  have  been  urged  by  the  Committee ;  hence,  of  the 
three  proposals  discussed  by  the  Committee,  there  only  remain 
two  for  our  consideration. 
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(1)  To  adopt  the  unit  proposed  by  Weber ;  or  (2)  To  establish, 
as  unit  of  resistance,  the  resistance  of  a  column  of  pure  mercury  of 
given  dimensions  and  at  a  given  temperature. 

I  do  not  think  that  to  these  a  third  of  equal  value  can  be 
added  ;  for  to  define  the  unit  of  resistance  by  the  thermal  action 
of  an  electrical  current  would  certainly  never  answer  the  purpose, 
because  this  thermal  action  cannot  be  measured  with  the  necessary 
accuracy,  and  the  resistance  of  any  wire  which  is  to  be  permanently 
kept  cannot  be  fixed  as  unit ;  for  the  resistance  of  any  wire  for  a 
given  temperature  certainly  undergoes  changes  if  electrical  currents 
are  transmitted  through  it,  and  it  is  exposed  to  fluctuations  of 
temperature. 

Of  the  above  two  units,  the  first  recommends  itself  by  coming 
up  more  satisfactorily  to  the  demands  of  science ;  the  second,  as  I 
think,  by  being  capable  for  the  present  of  being  practically  carried 
out  with  greater  accuracy.  But  is  it  really  necessary  to  decide 
for  one  and  against  the  other  of  these  two  units  ?  I  think  not.  If 
the  ratio  between  them  is  established  with  the  accuracy  which  is 
now  attainable,  there  can,  I  think,  arise  no  more  confusion  from 
their  simultaneous  use,  than  from  the  practice  of  expressing  lengths 
sometimes  in  metres  and  sometimes  in  millimetres.  You  say,  "  It 
is  proposed  that  the  unit  adopted  shall  be  represented  by  one 
particular  standard,  constructed  of  very  permanent  materials,  laid 
up  in  a  national  repository  " ;  and  further,  "  The  Committee  will 
probably  endeavour  to  devise  some  plan  by  which  copies  of  the 
actual  material  standard  adopted  may  be  easily  procured  at  a 
reasonable  cost."  This  plan,  the  execution  of  which  I  consider 
highly  desirable,  might  evidently  be  realized  in  all  its  essential 
points  without  its  being  necessary  to  give  the  preference  to  one  of 
these  units  over  the  other :  it  would  only  be  necessary  to  measure 
the  resistance  of  the  normal  standard  in  loth  units,  and  to  add  to 
each  copy  its  resistance  expressed  in  both  units. 

In  choosing  the  metal  or  the  alloy  of  which  the  normal  standard 
and  the  copies  are  to  be  made,  care  must  undoubtedly  first  be 
taken  that  the  resistance  is  as  unalterable  as  possible  for  one 
temperature.  It  is  undoubtedly  desirable  that  the  resistance 
shall  not  vary  rapidly  with  the  temperature.  This  is,  however, 
not  very  important,  provided  that  the  temperature  of  the  wire  can 
be  accurately  observed  at  any  moment.  To  satisfy  this  condition, 
the  wires  must  not  be  coiled  upon  cylinders,  but  fastened  so  that, 
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for  the  greater  part  of  their  extent,  they  lie  clear,  and  hence 
rapidly  assume  the  temperature  of  the  surrounding  air  or  of  the 
non-conducting  liquid  in  which  they  may  have  been  immersed. 

You  request  me  to  point  out  to  you  any  researches  of  mine 
which  refer  to  a  unit  of  electrical  resistance.  I  have  to  mention  a 
short  treatise  only,  which  appeared  in  vol.  LXXVI.  of  Poggendorff's 
Annalen,  under  the  title  "  Determination  of  the  Constants  on 
which  the  Intensity  of  Induced  Electrical  Currents  depends,"  and 
which  formed  the  answer  to  an  academical  prize-question  which 
Professor  Neumann,  in  Konigsberg,  had  proposed  in  the  year  1846. 
In  this  treatise  a  unit  of  electrical  resistance  has  not  been  suggested  ; 
but  in  it  the  resistance  of  a  wire  has  been  measured  by  the  unit 
(or  rather  by  double  the  unit),  which  was  afterwards  proposed  by 
Weber  in  his  Electrodynamic  Measurements.  Professor  Weber  has 
subsequently  had  the  kindness  to  compare  the  copper  wire  whose 
resistance  I  measured  with  those  whose  resistances  he  himself  had 
determined  (Pogg.  Ann.  vol.  LXXXII.  p.  360) ;  he  thereby  found  the 
resistance  of  my  wire  about  one-seventh  greater  than  I  had  found 
it.  The  reason  of  this  want  of  agreement  consists  partly  in  the 
imperfection  of  the  instruments  which  I  had  used,  and  partly  in 
the  fact  that  in  my  experiments  the  temperature  was  little  above 
0°  R.,  while  in  Weber's  experiments  it  was  about  20°  R. 

Allow  me,  my  dear  Sir,  to  record  the  very  great  respect  with 
which  I  have  the  honour  to  be, 

Yours  very  truly, 

G.  KIRCHHOFF. 


APPENDIX  E. — Dr  SIEMENS'S  Letter. — Suggestions  for  the  adoption 
of  a  Common  Unit  in  measurement  of  Electrical  Resistance. 

To  the  Committee  appointed  by  the  British  Association  to  report  on 
Standards  of  Electrical  Resistance. 

GENTLEMEN, — I  beg  to  acknowledge,  with  thanks,  the  honour 
you  have  done  me,  in  requesting  me  to  furnish  you  with  sugges- 
tions in  furtherance  of  your  endeavours  to  procure  the  adoption  of 
a  common  unit  of  electrical  resistance. 

I  proposed  in  Poggendorff's  Annalen  (vol.  ex.  p.  1)  to  supply 
this  want  by  the  adoption  of  the  conducting  power  of  mercury  as 
unit,  and  of  the  resistance  which  a  prism  of  that  metal  a  metre 
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long  and  a  square  millimetre  section,  at  0°  C.,  opposes  to  the  passage 
of  a  current,  as  unit  of  resistance. 

The  method  by  which  I  constructed  standards  in  this  unit  was 
as  follows  :  — 

From  the  ordinary  glass  tubes  of  commerce,  pieces  were 
selected  whose  calibre  was  found  to  vary  most  regularly.  After  the 
selected  tubes  had  been  ground  to  the  length  of  a  metre,  they  were 
carefully  cleaned  and  filled  with  pure  mercury  —  the  temperature 
being  measured.  The  contents  were  then  weighed,  and  the  values 
reduced  to  0°  C.  for  expansion  of  glass  and  metal.  The  resistances 
of  the  tubes  were  calculated  by  the  formula 


which  represents  the  resistance  to  a  current  in  the  longer  axis  of  a 
prismatic  conductor  either  in  the  above  unit  or  in  O'OOl  unit, 
according  as  /  is  expressed  in  metres  and  g  in  grammes,  or  I  in 
millimetres  and  g  in  milligrammes  respectively,  cr  =  13*557,  the 
specific  gravity  of  mercury,  at  0°  C. 


= 

va 


3 

is  the  coefficient  for  conicalness,  which  in  good  tubes  equals  1  very 
nearly,  a  is  the  ratio  of  the  greatest  to  the  least  transverse 
section  of  the  tube. 

All  the  data  therefore  necessary  for  the  value  of  W  are  exact 
measures  of  length  and  weight.  Measurements  of  the  same  tube, 
at  different  times,  gave  results  corresponding  within  0*01  per  cent. 
with  each  other. 

The  first  objection  which  is  raised  against  the  adoption  of 
mercury  as  unit,  "  that  the  tubes  cannot  be  made  of  uniform  or 
similar  wires,  and  that  the  standard  once  broken  is  lost  for  ever," 
is  clearly  untenable,  since  the  tubes  are  not  required  to  be  uniform, 
and  the  breakage  of  the  standard  involves  only  the  necessity  of  a 
new  tube,  and  the  determinations  of  length  and  weight  anew,  to 
put  the  operator  in  possession  of  a  new  standard,  whose  agreement 
with  the  broken  one  will  depend  solely  on  his  own  handiness  in 
manipulating.  Every  standard,  of  whatever  material,  is  liable  to 


FOR   ELECTRICAL   MEASUREMENTS  41 

injury ;  but  the  breakage  of  a  glass  is  infinitely  to  be  preferred  to 
the  treacherous  results  of  a  bruised  wire. 

Mercury  is,  of  all  metals,  that  which  is  best  suited  to  supply 
a  reproducible  standard. 

In  the  first  place,  it  is  procurable  pure  in  sufficient  quantities. 
I  heated  for  some  hours  samples  of  commercial  mercury  under 
sulphuric  acid  containing  a  few  drops  of  nitric  acid,  and  found 
their  conducting  powers  afterwards  to  be  precisely  the  same  as 
that  of  a  quantity  of  chemically  pure  mercury  reduced  from  the 
oxide. 

Secondly,  mercury  has  always  the  same  molecular  structure, 
and  has  therefore,  at  the  same  temperature,  always  the  same 
resistance. 

From  these  two  grounds  it  is  possible  to  couple  with  this  unit 
a  geometrical  conception  which  is  indispensable  in  practice. 

Thirdly,  of  all  metals  capable  of  being  used  for  resistances, 
mercury  has  the  lowest  conducting  power ;  and  of  all  pure  metals 
capable  of  the  same  application,  its  resistance  varies  least  with 
variations  of  temperature. 

Having  formed  such  original  standards,  it  only  remained  to 
copy  them  in  a  convenient  form  for  employment  in  practice.  This 
I  have  done, — 

1.  In  mercury  contained  in  glass  spirals,  and 

2.  In  German-silver  wire. 

The  resistance-bridge  which  I  made  use  of  in  these  measure- 
ments, with  a  reflecting  galvanometer  in  its  circuit,  enabled  me  to 
attain  a  precision  of  within  0*01  per  cent. 

The  mercury  spirals,  as  may  be  seen  by  the  accompanying 
drawing*,  are  provided  with  cups  at  their  ends,  for  convenience 
of  filling  and  for  receiving  the  contacts  of  the  measuring  apparatus. 
They  are  either  of  known  resistances,  approximating  only  to  a 
multiple  of  the  unit,  or  may  be  adjusted  to  an  exact  multiple  by 
boring  out  one  of  the  ends  of  the  tube,  which,  in  this  case,  must 
stand  up  half  an  inch  inside  the  cup.  The  resistances  of  the 
bridge  must  then  be  arranged  so  that  no  current  passes  through 
the  instrument  only  when  the  desired  resistance  in  the  fourth  side 
is  reached.  When  the  spiral  is  filled,  a  vulcanized  india-rubber 
ring  is  put  round  the  cups,  and  the  spiral  is  suspended  in  a  vessel 

*  The  drawings  have  been  omitted,  the  descriptions  being  intelligible  without 
them. 
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of  ice-water  or  water  kept  in  circulation  by  passing  a  current  of  air 
through  it,  and  the  temperature  measured  by  a  delicate  thermometer. 

The  electrical  value  of  each  spiral  which  I  have  made  has  been 
determined  by  comparing  it  with  at  least  two  of  the  straight 
normal  tubes,  both  being  kept  during  the  measurement  in  ice- 
water.  The  greatest  differences  which  I  have  found  between  such 
determinations  do  not  exceed  0*05  per  cent.,  to  which  limit  the 
copies  may  be  trusted. 

In  answer  to  the  objection  that  an  admixture  takes  place 
between  the  mercury  and  the  solid  metal  used  for  the  terminals,  I 
must  remark  that  I  have  found  this  occasion  really  less  incon- 
venience than  is  generally  believed.  I  kept  the  copper  connexions 
immersed  in  the  mercury  a  whole  week,  but  could  not  perceive 
the  slightest  decrease  in  its  resistance.  Platinum  electrodes  of 
considerable  surface  might  be  employed ;  but  I  believe  that  the 
removal  of  the  copper  connexion  after  each  test,  and  the  removal 
of  the  old  mercury  from  their  surfaces  before  using  them  again, 
are  a  sufficient  safeguard  against  error  arising  from  this  source. 
Besides,  it  is  easy  to  fill  the  spiral  with  fresh  mercury  whenever  it 
is  suspected  to  have  dissolved  any  quantity  of  copper,  or  even  on 
every  occasion  when  a  measurement  with  it  is  to  be  made.  Nor 
does  mercury  change  its  resistance  in  the  least  by  standing  in  the 
air.  This  I  have  proved  by  keeping  a  spiral  six  months  filled 
without  changing  the  mercury,  and  found  its  resistance  to  be 
constant. 

The  material  which  I  have  extensively  employed  in  copying 
this  measure,  viz.  German-silver,  may  be  classed  under  the  same 
head  as  the  expensive  gold-silver  alloy  of  Dr  A.  Matthiessen,  over 
which  it  has,  however,  the  considerable  advantages  of  a  greater 
specific  resistance,  and  that  its  resistance  varies  less  with  tempera- 
ture variations. 

As  a  preventive  against  alteration  of  resistance  by  the  influence 
of  the  air,  I  have  usually  had  the  resistances  made  of  this  metal 
covered  with  a  coating  of  silk  and  lac. 

Intermediate  between  the  resistances  to  be  measured  and  the 
measure  itself  I  have  introduced  resistance-scales.  These  contain 
each  a  series  of  resistances  (multiples  of  the  unit),  and  are  so 
arranged  that  each  resistance  is  exact  when  it  stands  stopped 
alone  in  the  circuit.  When  carefully  made,  these  scales  may  be 
depended  on  to  O'l  per  cent. 
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Being  convinced  of  the  sufficiency  of  the  method  I  have 
described  of  reproducing  a  standard  of  electrical  resistance,  I  have 
the  honour  to  suggest  to  you  :— 

1st.  To  recommend  the  universal  adoption  of  the  conducting 
power  of  mercury  as  unit,  and  of  the  resistance  which  a  prism  of 
that  metal,  a  metre  long  and  square  millimetre  section,  at  0°  C.» 
opposes  to  a  current  of  electricity  as  common  unit  of  resistance. 

2nd.  To  have  the  value  of  this  measure  ascertained,  with  the 
greatest  possible  exactness,  in  absolute  units. 

3rd.  To  have  copies  of  this  unit  constructed  in  mercury 
contained  in  glass  spirals  for  preservation  in  scientific  repositories. 

In  the  event  of  my  suggestions  being  adopted,  the  mercury 
unit  should  be  determined  again  with  the  greatest  possible  care, 
and  with  all  the  help  which  pure  and  applied  science  offers,  and 
copies  of  it  made  with  equal  exactness. 

According  to  a  late  determination  by  Weber,  the  mercury  unit 
is  only  about  2J  per  cent,  greater  than  1010  absolute  units,  or  one 
mercury  unit  at  -  26°  C.  would  equal  10,000,000,000  absolute  units. 

Since  those  cases  in  which  the  expression  of  resistances  in 
absolute  measure  is  of  advantage  in  facilitating  calculations  occur 
only  very  seldom,  and  only  in  purely  scientific  exercises,  a  single 
determination  of  the  relation  of  the  two  measures  would  be  amply 
sufficient.  Should  the  absolute  unit  or  any  multiple  of  it  be 
adopted  as  common  unit  of  resistance,  there  would  still  be  wanted 
a  unit  for  expressing  the  conducting  powers  of  bodies ;  and  mercury 
is  indisputably  the  best  calculated  for  this  purpose.  And  for 
practical  purposes,  which  in  adopting  a  universal  unit  should  be 
principally  taken  into  consideration,  it  is  indispensable  to  define 
the  resistance- measure  as  a  geometrical  body  of  that  material 
which  is  selected  as  unit  of  conducting  power.  Every  other 
definition  would  not  only  burden  unnecessarily  the  calculations 
which  occur  in  common  life,  but  also  confuse  our  conception  of  the 
measure. 

The  reason  why  the  arbitrary  unit  proposed  by  Jacobi  (a  length 
of  copper  only  approximately  defined)  found  no  admittance  into 
general  use  is  to  be  sought  in  the  fact  that  it  failed  to  fulfil  this 
condition,  and  because  the  conducting  power  of  all  solid  bodies  is 
too  dependent  on  their  molecular  structure. 

The  same  objection  renders  the  adoption  of  the  gold-silver  alloy 
proposed  by  Dr  A.  Matthiesseri  equally  incapable. 
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Another  disadvantage  in  the  way  of  a  solid  metal  unit  is  the 
impossibility  to  solder  thick  connexions  into  the  ends  of  a  defined 
length  of  any  wire  without  altering  its  resistance. 

Should  the  adoption  of  the  mercury  unit  be  deemed  advisable, 
I  would  place  at  the  service  of  the  British  Association  any  further 
information  or  assistance  in  my  power. 

I  have  the  honour  to  be,  Gentlemen, 

Your  most  obedient  Servant, 

W.  SIEMENS. 

APPENDIX  F. — Extracts  from  a  Letter  addressed  to  Professor 
WILLIAMSON  by  Dr  ESSELBACH. 

The  two  objections  against  the  practical  applications  of  Weber's 
absolute  unit  have  been  sufficiently  pointed  out  as  being — 

1.  Its  minuteness ;  and 

2.  That  the  electromotive  force  of  galvanic  elements  does  not 
allow  of  variation  (as  strength  of  current,  tension,  and  resistance 
do),  but  that  we  have  to  accept  certain  constants  as  nature  has 
fixed  them. 

I  take  it  for  granted  that  the  standard  of  absolute  unit  would 
not  lose  in  authority  if  a  plain  multiple  of  it  were  adopted.  I  need 
not  point  out  that  the  French  metre  itself  is  only  a  submultiple, 

th  of  a  natural  unit — the  earth's  quadrant.    The  multiple 
10,000,000 

of  the  natural  electro-magnetic  unit  I  am  about  to  suggest  for 
practical  use  is  1010,  therefore  very  simple  (which  is  of  no  little 
importance)  ;  and  it  is  a  multiple  which  leads  us  to  those  standards 
which  are  practically  used. 

M.  Bosscha  gives  the  electromotive  force  of  his  Daniell's  cells 
in  absolute  measure  as 

1025-80. 108,  . 

and  calculates  the  one  used  by  Mr  Joule  to  be 

10451 . 108. 

It  will  therefore  be  practicable  to  determine  such  concentration  of 
sulphuric  acid  as  to  make  the  electromotive  force  equal  to 

10. 1010: 
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and  I  believe  the  concentration  required  would  be  very  near  what 
is  actually  used  in  telegraphy. 

Resistance. — The  different  copies  of  Jacobi's  etalons  are  well 
known  to  differ  as  much  between  each  other  as  Daniell's  cells ;  and 
if  Siemens  had  done  nothing  else  for  galvanometry  than  to  give  us 
copies  which  agree  among  themselves  within  a  quarter  per  cent., 
the  progress  is  obvious. 

Weber's  copy  of  Jacobi's  etalon  is 


598 . 107 


and  that  of  M.  Bosscha  was 


607  .  107 
in  absolute  measure. 

Other  statements  (of  Kirchhoff  and  others)  give  a  much 
smaller  value. 

In  comparing  Mr  Siemens's  mercury  standard  with  three  copies 
of  Jacobi's  etalon  in  his  possession,  I  found  two  of  them  agreeing 
tolerably  well  with  each  other,  and  with  a  third  one  copied  by  my 
friend  Dr  Teddersen,  at  Leipzig,  from  the  original  of  M.  Leyser, 
which  I  took  therefore  to  be  the  more  correct  ones.  I  found  the 
absolute  value  of  Siemens's  unit  to  be 


or  I'l  Siemens's  unit  =  1010. 

We  should  therefore  only  have  to  multiply  all  observations 

1010 
expressed  in  Siemens's  units  by  -pj-  to  reduce  them  to  -  absolute 

measure,  and  the  suggested  multiple  for  the  future  standard  would 
not  be  far  from  I'l  of  Siemens's  units,  which  every  one  admits  to 
be  for  metallic  conductors  a  practical  unit. 

For  the  resistance  of  insulating  materials  the  figures  become 
impracticably  high  ;  but  it  would  be  a  matter  of  professional 
telegraphy  to  adopt,  in  conformity  with  the  system,  the  "  resist- 
ance "  1010  and,  besides,  another  "  great  resistance  "  containing  1010> 
"  resistances." 

While  the  resistance  of  a  mile  of  copper  in  an  ordinary  cable 
would  be  (say)  4  R.  (four  resistances),  the  insulation-resistance  of 
a  mile  of  cable  would  be  about  0*04  G.  R.  (great  or  gutta-percha 
resistances). 
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My  suggestion  would  therefore  be  : — 

1.  To  adopt  Weber's  absolute  unit,  and  to  derive  from  it,  by 
the  multiple  1010  (or  10,000,000,000),  the  practical  unit. 

2.  To  adopt  1010  of  Weber's  electro-magnetic  units  as  the 
<e  practical  absolute  unit "  for  electromotive  force  and  resistance. 

(10  of  these  units  would  be  exactly  1  Daniell's  cell.) 

3.  1  of  these  units  would  be  11  of  Siemens's  units. 

4.  To  allow,  besides,  a  "practical  great  unit,"  viz.  1010  of  the 
"  practical  units,"  for  resistances  in  order  to  express  the  insulation- 
resistance  of  cables  in  convenient  figures. 

5.  To  allow  also  a  "  practical  small  unit "  of  -r-—  absolute  units 

to  express  insulation-currents  and  charge-quantities  of  cables  in 
convenient  figures. 

6.  To  adopt,  in  order  to  avoid  confusion,  for  such  "  practical 
units  "  a  terminology  as  proposed  by  Messrs  Bright  and  Clark. 

London,  September  18,  1862. 


APPENDIX  G. — Circular  addressed  to  Foreign  Men  of  Science. 

SIR, — I  am  requested  to  inform  you  that  a  Committee  was 
appointed  by  the  British  Association,  which  met  last  year  at 
Manchester,  to  report  on  Electrical  Standards  of  Resistance. 

The  Committee  consists  of  the  following  gentlemen : — 


Professor    A.    W.     Williamson, 

F.R.S.    (University    College, 

London). 
Professor    Charles   Wheatstone, 

F.R.S.  (London). 
Professor     William      Thomson, 

F.R.S.  (Glasgow). 


Professor  W.  H.  Miller,  F.R.S. 
(Cambridge). 

A.  Matthiessen,  Ph.D.,  F.R.S. 
(London). 

Fleeming  Jenkin,  Esq.  (Lon- 
don). 


The  Committee  met  on  December  6th,  1861,  and  on  April  3rd, 
1862.  On  the  latter  occasion  the  following  Resolution  was 
passed : — 

"  Resolved, — That  the  following  gentlemen  be  informed  of  the 
appointment  of  the  present  Committee,  and  be  requested  to 
furnish  suggestions  in  furtherance  of  its  object. 
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Professor  Edlund  (Upsala).  i  Professor    Neumann    (Konigs- 

Professor  Th.  Fechner  (Leipzig).          berg). 

Dr  Henry  (Washington).  |  Professor     J.     C.     Poggendorff 

Professor  Jacobi(St  Petersburg),  i       (Berlin). 

Professor  G.  Kirchhoff  (Heidel-  j  M.  Pouillet  (Paris). 

berg).  !  Werner  Siemens,  Ph.D.  (Berlin). 

Professor  C.  Matteucci  (Turin).     |  Professor  W.  G.  Weber 

(Gottingen)." 

I  have,  in  consequence,  the  honour  of  addressing  you  the 
present  letter. 

The  Resolutions  passed  at  the  two  meetings  are  enclosed,  and 
from  them  you  will  gather  the  general  scope  of  the  Committee's 
inquiry.  I  add  some  further  explanation  as  to  the  objects  and 
intentions  of  the  Committee. 

Great  inconvenience  has  been  felt  from  the  absence  of  any 
generally  adopted  unit  for  the  measurement  of  electrical  resistance, 
and  it  was  thought  that  the  influence  of  the  British  Association 
might  be  successfully  exerted  to  procure  the  adoption  of  a  common 
standard.  The  present  time  was  thought  especially  favourable, 
since,  although  the  methods  of  observation  have  been  brought  to 
great  perfection,  no  local  units  have  as  yet  taken  very  deep  root. 

The  units  which  up  to  the  present  time  have  been  considered 
by  the  Committee  may  be  classed  under  three  heads : — 

1st.  A  given  length  and  weight  or  section  of  wire  made  of 
some  pure  metal,  and  observed  at  a  given  temperature,  as  originally 
proposed  by  Professors  Wheatstone,  Jacobi,  and  others. 

2nd.  Units  based  on  Weber's  and  Gauss's  system  of  absolute 
measurement. 

3rd.  A  given  length  and  section  of  pure  mercury  at  a  given 
temperature. 

Whatever  basis  is  adopted  for  the  unit,  it  is  proposed  that  the 
unit  adopted  shall  be  represented  by  one  particular  standard, 
constructed  of  very  permanent  materials,  laid  up  in  a  national 
repository ;  and  it  has  been  proposed  to  use  Dr  A.  Matthiessen's 
gold-and-silver  alloy  for  this  purpose.  The  arguments  which  have 
been  used  for  and  against  these  systems  are  as  follows : — 

In  favour  of  the  use  of  a  wire  of  some  pure  metal  it  is  said — 

That  the  plan  is  the  simplest  possible,  and  admits  of  indepen- 
dent observers  forming  their  own  standard. 
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Against  this  plan  it  is  said — 

1st.  That  even  when  pure,  two  apparently  similar  wires  do 
not  resist  equally  unless  their  temper  or  molecular  condition  be 
the  same — a  condition  which  cannot  practically  be  ensured. 

2nd.  That  there  is  reason  to  believe  that  the  resistance  of  a 
given  wire  is  not  constant  even  at  a  constant  temperature. 

3rd.  That  the  resistance  of  all  pure  metals  varies  very  rapidly 
with  the  temperature. 

4th.  That  great  difficulty  is  found  in  obtaining  any  metal 
pure,  and  that  the  attempt  of  most  persons  to  reproduce  the  unit 
for  their  own  use  would  be  attended  with  incorrect  results.  This 
is  evidenced  by  the  different  relative  results  as  to  the  resistance  of 
pure  metals  published  by  different  observers. 

In  favour  of  Weber's  units  it  is  urged — 

1st.  That  their  use  will  ensure  the  adoption  of  a  complete 
system  of  corresponding  standards  for  electrical  currents,  quantities, 
and  tension  or  difference  of  potential. 

2nd.  That  their  use  is  essential  in  the  dynamic  treatment  of 
any  problem  connected  with  electricity ;  for  instance,  in  deter- 
mining the  heat  generated,  the  force  exerted,  the  work  done, 
and  the  chemical  action  required  or  produced  under  any  given 
circumstances. 

3rd.  That  their  use  would  be  a  simple  extension  of  the  system 
already  universally  adopted  in  magnetic  measurements. 

4th.  That  the  unit  is  independent  of  the  physical  properties 
of  any  material. 

Against  the  system  it  is  urged  that  the  unit  cannot  be  deter- 
mined with  sufficient  accuracy,  and  that  even  its  approximate 
reproduction,  where  copies  cannot  be  obtained,  is  difficult  and 
expensive. 

In  favour  of  the  mercury  standard  the  following  arguments 
are  used : — 

1st.  No  change  can  occur  in  the  molecular  structure  or  temper 
of  the  material,  and  therefore  the  same  tube  filled  with  pure 
mercury  will  certainly  always  conduct  alike. 

2nd.  Change  of  temperature  causes  only  a  slight  difference  in 
resistance. 

Against  this  plan  it  is  said — 

1st.  That  tubes  cannot  be  made  of  uniform  or  similar  wires, 
and  that,  therefore,  the  standard  once  broken  is  lost  for  ever. 
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2nd.  That  the  standard  tube  cannot  be  kept  full  of  pure 
mercury,  owing  to  the  admixture  which  would  take  place  of  the 
solid  metal  used  for  the  terminals,  so  that  each  time  the  standard 
has  to  be  used  it  has  practically  to  be  remade. 

3rd.  That  the  attempt,  by  most  observers,  to  reproduce  the 
unit  for  their  own  use  would  be  attended  with  incorrect  results,  as 
is  shown  by  the  different  results  obtained  by  different  observers. 

In  favour  of  Dr  Matthiessen's  alloy,  as  compared  with  wires  of 
pure  metal,  or  with  mercury,  as  a  material  for  the  standard,  it  is 
said — 

1st.  That  the  variations  of  resistance,  corresponding  with 
variations  of  temperature  or  temper,  are  small. 

2nd.  That  a  unit  expressed  in  this  material  can  be  more 
readily  and  certainly  reproduced  than  one  expressed  by  a  pure 
metal,  because  the  presence  of  slight  impurities  in  the  component 
metals,  or  a  slight  change  in  their  proportion,  does  not  sensibly 
affect  the  result. 

Against  this  plan  it  is  said  that  the  physical  properties  of  an 
alloy  are  more  likely  to  change  than  those  of  a  pure  metal. 

Against  all  the  plans  for  standards,  based  on  an  arbitrary  length 
and  section  of  an  arbitrary  material,  the  supporters  of  the  absolute 
units  state  that  the  adoption  of  such  an  arbitrary  standard  would 
lead  to  great  confusion  and  complication  in  the  measurement  of  all 
other  electrical  properties,  and  in  the  expression  of  the  relation  of 
such  measurements  to  those  of  force,  work,  heat,  etc. 

This  objection  does  not,  of  course,  apply  to  the  expression  of 
the  absolute  unit  by  means  of  a  wire  of  pure  metal,  of  an  alloy,  or 
by  mercury :  but  it  is  urged  that  no  observer  should  ever  attempt 
the  reproduction  of  a  standard  when  a  copy  of  the  proposed 
universal  standard  can  possibly  be  obtained ;  and  the  Committee 
will  probably  endeavour  to  devise  some  plan  by  which  such  copies 
of  the  actual  material  standard  adopted  may  be  easily  procured  at 
a  reasonable  cost. 

It  will  be  seen,  from  the  resolutions  passed,  that  the  Committee 
are  now  engaged  in  investigating  the  degree  of  accuracy  with 
which  Weber's  units  can  be  obtained,  and  the  degree  of  permanency 
which  may  be  expected  from  the  use  of  the  metal  or  alloy  forming 
the  material  standard  expressing  these  or  other  units. 

The  Committee  will  feel  greatly  indebted  to  you  if  you  will 
afford  them  the  benefit  of  your  valuable  advice  and  experience  on 

B.  A.  4 
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the  above  points,  and  on  any  others  which  may  occur  to  you. 
They  also  venture  to  hope  that  such  a  standard  may  be  selected 
as  will  give  very  general  satisfaction;  and,  if  approved  by  you, 
that  you  will  kindly  take  an  interest  in  procuring  its  general 
adoption. 

Personally  being  charged  with  the  duty  of  preparing  an  his- 
torical summary  of  the  various  units  proposed,  I  shall  be  grateful 
if  you  will  favour  me  with  any  remarks  as  to  your  own  labours  in 
this  field,  or  if  you  could  oblige  me  with  references  to  any  papers 
or  works  in  which  the  subject  is  treated. 

I  am,  Sir, 

Your  obedient  Servant, 

FLEEMING  JENKIN. 


APPENDIX  H. — Description  of  the  Electrical  Apparatus  arranged 
by  Mr  FLEEMING  JENKIN  for  the  production  of  exact  copies 
of  the  Standard  of  Resistance. 

This  apparatus  is  a  simple  modification  of  that  generally  known 
as  "  Wheatstone's  bridge."  It  contains,  however,  some  special 
arrangements,  in  virtue  of  which  various  practical  difficulties  are 
avoided,  so  that  very  great  accuracy  can  be  ensured  with  compara- 
tive ease.  The  usual  bridge-arrangement  is  shown  in  Plate  I. 
fig.  9,  where  the  irregular  scrolls,  A,  C,  R,  S,  represent  the  four 
conductors  of  which  the  resistance  is  to  be  compared ;  the  thick 
black  lines  show  those  portions  of  the  circuit  which  join  the  coils 
with  the  four  corners,  U,  V,  Z,  Y,  and  are  supposed  to  have  no 
sensible  resistance  in  comparison  with  the  coils ;  finally,  the  thin 
lines  show  connexions,  the  resistance  of  which  in  no  way  affects 
the  accuracy  of  the  comparison  between  the  four  coils.  By  this 
arrangement  the  four  conductors,  A,  C,  R,  8,  are  so  connected  with 
the  galvanometer,  G,  and  the  battery,  B,  that  no  current  passes 
through  the  galvanometer  when  the  conductors  bear  such  a 

relation  to  one  another  that  the  equation   77  =  ^    holds   good ; 

U  -fl 

A 

whereas  a  current  in  one  or  other  direction  passes  so  soon  as  77 
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s 

is  greater  or  less  than  -p*.     Thus  the  direction  and  strength  of 

the  current  observed  serve  as  guides  by  which  the  resistance  of 
any  one  of  the  conductors  may  be  gradually  adjusted  by  shortening 
or  lengthening  the  wire,  until  on  the  completion  of  the  circuit  no 
deflection  whatever  can  be  observed  on  the  galvanometer,  however 
delicate  it  may  be,  or  however  powerful  the  battery  used.  When 
this  has  been  done,  we  may  be  sure  that  the  above  relation  exists 
between  the  four  conductors.  In  practice,  it  is  seldom  desirable  to 
use  powerful  batteries  ;  the  test  is  made  delicate  by  the  use  of  an 
extremely  sensitive  astatic  galvanometer. 

In  speaking  of  the  four  conductors,  A,  C,  R,  S,  which  are 
generally  all  coils  of  wire  of  similar  construction,  although  each 
fulfilling  a  distinct  function,  some  difficulty  often  occurs  in 
explaining  readily  which  coil  or  conductor  is  referred  to.  They 
can  of  course  be  distinguished  by  letters;  but  this  requires 
reference  to  a  diagram  on  every  occasion,  and  the  writer  has 
therefore  been  in  the  habit  of  distinguishing  the  four  coils  by 
names  drawn  from  a  very  obvious  analogy  existing  between  this 
electrical  arrangement  and  the  common  balance  in  which  one 
weight  is  compared  with  another.  The  equality  between  the  two 
weights  on  either  side  of  a  balance,  when  the  index  is  at  zero, 
depends  on  the  equality  of  the  arms  of  the  balance ;  and  if  the 
arms  are  unequal,  the  weights  required  to  bring  the  index  to  zero 
are  proportional  to  the  arms  (inversely).  Let  A  and  C  be  called 
the  arms  of  the  electrical  balance,  while  S  and  R  are  looked  on  as 
analogous  to  the  standard  weight  and  mass  to  be  weighed  respec- 
tively, and  let  the  galvanometer-needle  stand  for  the  index  of  the 
balance.  Then  all  the  above  statements,  with  respect  to  the 
weights  and  arms,  hold  good  for  the  electrical  arrangement  (except 
that  the  proportion  between  the  electrical  arms  and  weights  is 
direct  instead  of  inverse).  The  writer  therefore  calls  this  arrange- 
ment an  electric  balance — A  and  C  the  arms,  S  the  standard,  and 
R  the  resistance  measured f.  In  the  adjustments  of  resistance- 

*  This  statement  holds  good  also  if  the  battery  and  galvanometer  wires,  as 
shown  in  the  diagram,  are  interchanged. 

t  The  name  of  parallelogram,  sometimes  given  to  the  arrangement,  is  objection- 
able, inasmuch  as  the  relation  obtaining  between  the  four  conductors  is  not  that 
which  exists  between  the  four  sides  of  any  parallelogram,  except  in  the  one  case  of 
equality  between  all  four  conductors.  The  connexions  are,  however,  most  easily 

4—2 
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coils  or  copies  of  a  standard,  the  object  is  to  produce  a  second  coil, 
R,  exactly  equal  to  the  first  or  standard,  $;  and  the  arms,  A,  C, 
must  therefore  be  absolutely  equal,  before,  by  this  arrangement,  an 
exact  copy  can  be  made.  Hitherto  it  has  often  been  the  practice 
to  use  for  the  arms,  A,  C,  two  coils  made  as  equal  as  possible,  and 
placed  so  close  as  to  remain  at  sensibly  equal  temperatures ;  so 
that  the  equality  between  R  and  S  is  dependent  on  the  equality 
between  A  and  (7,  and  cannot  be  determined  with  greater  accuracy 
than  that  between  these  coils.  This  limit  to  the  accuracy  is  a 
defect  for  our  present  purpose,  and  the  writer  has,  moreover,  found 
it  undesirable  to  depend  on  the  permanent  equality  of  two  coils. 
It  is  by  no  means  certain  that,  without  very  extraordinary  pre- 
cautions, the  two  arms  will  remain  unaltered  in  their  original 
equality.  A  slight  molecular  change,  or  a  slight  chemical  action 
on  the  surface  of  the  wires,  disturbs  this  equality  permanently ; 
and  even  if  the  coils  are  so  constructed  as  to  remain  really  equal 
at  equal  temperatures,  the  accidental  passage  of  a  current  through 
one  arm,  and  not  through  the  other,  for  a  very  short  time,  will 
disturb  their  accuracy  very  sensibly  for  a  considerable  time.  There 
are  various  devices  by  which  the  equality  to  be  established  between 
R  and  S  may  be  rendered  independent  of  the  absolute  equality 
between  A  and  (7,  and  the  writer  has  adopted  a  plan,  now  to  be 
explained  with  the  aid  of  the  diagrams  (figs.  7,  8).  This  plan 
allows  the  approximation  to  equality  between  R  and  8  to  be  almost 
indefinitely  increased. 

It  will  be  seen  that  fig.  7  does  not  differ  from  fig.  9,  except  by 
the  addition  of  a  wire,  WX,  of  sensible  resistance,  between  the 
two  coils  A  and  C.  The  point  U  is  no  longer  fixed,  but  can  be 
moved  along  WX.  The  arms  of  the  balance  are  therefore  no 
longer  A  and  C,  but  A  +XU  and  C+  WU.  Thus  the  movable 
point  U  affords  the  means  of  slightly  altering  or  adjusting  the 
ratio  of  the  two  arms.  A  and  C  are  made  as  equal  as  possible, 
independently  of  WX,  which  is  a  very  short  wire. 

The  test  is  made  as  follows : — When  the  standard  and  coil  to  be 
measured  have  been  put  in  their  places  as  in  fig.  7,  the  point  U  is 
moved  along  the  wire  WX  until  the  galvanometer-index  is  not 

followed  in  a  drawing  when  arranged  as  the  four  sides  of  a  quadrilateral  figure. 
Professor  Wheatstone's  original  name  of  Differential  Resistance  Measurer  does  not, 
as  it  seems  to  the  writer,  sufficiently  distinguish  this  arrangement  from  other 
differential  methods. 
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deflected  when  the  circuit  is  closed.  The  position  of  the  point  U 
is  noted  by  a  scale.  R  and  S  are  then  reversed,  so  as  to  occupy 
the  position  relatively  to  A,  C  shown  in  fig.  8.  The  point  U  is 
again  moved  until  the  galvanometer-needle  remains  undeflected  on 
the  circuits  being  closed.  The  new  position  of  U  is  again  observed 
by  a  scale.  If  the  point  U  does  not  require  to  be  moved  at  all,  we 
may  be  quite  sure  that  R  is  exactly  equal  to  S,  and  that 
A+XU=C+WU, 

since  it  would  be  quite  impossible  that  the  ratio  ~ — ^p  should  be 

7?  Sf 

equal  to  both  -~  and  -p,  unless  this  ratio  were  equal  to  1.  More- 
over, if  WX  be  made  of  the  same  wire  as  the  coils  A  and  0,  and 
if  those  coils  are  formed  of  about  100  inches  of  wire,  and  if  the 
observed  positions  of  U  differ  by  a  given  distance,  #,  this  length, 
x,  measured  in  inches,  will  express  very  nearly  the  difference 
between  R  and  S  in  a  percentage  of  the  whole  length  of  R.  Thus,  if 
x  be  one  inch,  the  standards  S  and  R  differ  by  about  one  per  cent. 
If  the  point  U,  when  adjusted  in  each  case,  be  found  nearer  R  than 
S,  then  R  is  the  smaller  of  the  two,  and  vice  versa.  The  percentage 
of  error  in  R,  thus  measured,  is  not  of  course  strictly  accurate, 
inasmuch  as  the  ratio  between  the  two  arms  is  not  exactly  -J$J ; 
but  if  WX  be  not  more  than  three  or  four  inches  long,  the  percent- 
age of  error  measured  in  this  way  is  quite  sufficiently  accurate  to 
allow  the  new  coil  to  be  so  exactly  adjusted  after  very  few  trials, 
that  no  greater  movement  of  U  than  (say)  -^th  of  an  inch  is 
required  to  prevent  any  deflection  of  the  galvanometer  when  R 
and  S  are  reversed.  We  may  then  be  sure  that  no  greater  error 
than  (say)  about  O'l  per  cent,  exists  in  the  equality  between  the 
new  coil  and  the  standard.  Two  fresh  coils,  Alt  Clt  are  then 
taken,  containing  each  about  1000  inches  of  wire  similar  to  WX,  or 
an  equivalent  resistance.  It  will  then  be  found  that,  to  maintain  the 
index  at  zero  when  R  and  S  are  reversed,  U  must  be  moved  about 
ten  times  as  much  as  before,  or  (say)  one  inch.  R  can  then  be 
still  further  adjusted  till  U  is  not  moved  more  than  -j^th  of  an 
inch,  when  a  new  degree  of  approximation  to  equality,  with  an 
error  of  not  more  than  O'Ol  per  cent.,  will  have  been  reached. 
Then  the  coils  Alt  Q  are  changed  for  a  fresh  pair,  A^,  (72,  with  a 
resistance  equal  to  about  10,000  inches  of  the  wire  WX :  one-tenth 
of  an  inch  on  WX  will  then  represent  an  error  of  only  O'OOl  per 
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cent.  By  a  repetition  of  this  process,  quite  independently  of  any 
absolute  equality  between  the  pairs  A,  C\  Alt  C\]  A2,  C2;  etc.,  a 
gradual  approximation  to  any  required  extent  may  be  ensured.  The 
delicacy  of  the  galvanometer  used,  and  the  nicety  of  the  means 
available  for  increasing  or  diminishing  the  resistance  of  R,  form 
the  only  limits  to  the  approximation.  A  slight  want  of  equality 
between  any  pair  of  arms  will  simply  bring  the  point  U  a  little  to 
one  side  or  the  other  of  the  centre  of  WX,  as  the  final  adjustment 
with  that  pair  is  made,  but  will  not  affect  the  truth  of  the 
comparison  between  R  and  S.  Each  pair  must,  however,  be  so 
nearly  equal  that  the  addition  of  part  of  the  short  wire,  WX,  to 
one  side  will  be  sufficient  to  correct  the  other;  otherwise  the 
adjustable  point  U  would  not  bring  the  index  to  zero,  even  when 
at  one  end  of  the  wire. 

This  arrangement,  besides  rendering  us  independent  of  the 
accuracy  of  any  two  arms,  has  some  incidental  advantages  of  con- 
siderable practical  importance.  At  each  test  it  gives  a  measure  of 
the  amount  by  which  the  new  coil  to  be  adjusted  must  be 
lengthened  or  shortened.  The  test  is  at  first  comparatively  rough, 
or  adapted  to  errors  of  one  or  two  per  cent.,  and  only  gradually 
increases  in  delicacy  as  the  desired  equality  is  more  and  more 
nearly  approached.  It  is  not  necessary  that  the  resistance  of  WX 
should  remain  absolutely  constant,  since  it  is  only  used  (numerically) 
to  give  a  rough  approximation  to  the  percentage  of  error.  It  is 
desirable  that  the  battery  should  remain  in  circuit  as  short  a  time  as 
possible ;  the  circuit  is  therefore  broken  between  1  and  2,  figs.  7  and 
8,  by  a  key,  K,  with  which  contact  should  be  only  momentarily  made, 
when  all  the  other  connexions  are  complete.  The  direction  of  the 
jerk  of  the  galvanometer-needle  to  one  side  or  the  other  need  alone 
be  observed ;  no  permanent  deflection  is  required  with  this  arrange- 
ment as  a  guide  to  the  amount  of  error.  This  is  a  considerable 
advantage,  inasmuch  as  it  avoids  heating  the  wires,  and  saves 
time.  The  induction  of  the  coils  on  themselves  might  lead  to 
some  false  indications,  unless  special  precaution  were  taken  against 
it,  as  pointed  out  by  Professor  W.  Thomson*.  To  avoid  this 
source  of  error,  the  galvanometer  circuit  is  broken  between  3  and  4, 
figs.  7  and  8,  at  Kl}  and  should  only  be  closed  after  the  battery 
circuit  has  been  completed  at  K  and  equilibrium  established 
throughout  all  the  conductors. 

*  Vide  Phil.  Mag.  August  1862. 
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Before  passing  to  a  detailed  description  of  the  apparatus  as 
actually  constructed,  some  remarks  are  required  as  to  the  means 
of  making  temporary  connexions.  All  connexions  which  require  to 
be  altered  may  be  the  means  of  introducing  errors,  inasmuch  as 
the  points  of  contact  are  very  apt  to  offer  a  sensible  but  uncertain 
resistance.  In  measuring  small  resistances,  the  resistance  at  the 
common  binding-screws  is  found  to  create  very  considerable  errors. 
Binding-screws  have  therefore  to  be  avoided  at  all  points  where  an 
uncertain  resistance  could  cause  error.  Mercury-cups,  made  as 
follows,  have  been  found  in  practice  very  suitable  for  temporary 
connexions,  and  have  been  adopted  in  the  apparatus.  The  bottom 
of  each  cup  is  a  stout  copper  plate,  with  its  surface  well  amal- 
gamated, forming  one  of  the  two  terminals  to  be  joined.  A  stout 
copper  wire,  \  inch  in  diameter,  with  a  flat  end  well  amalgamated, 
forms  the  other  terminal.  When  the  amalgamation  is  good,  and 
care  is  taken  that  the  wire  shall  rest  on  the  plate,  this  form  of 
connexion  offers  no  sensible  resistance.  The  amalgamated  wire  is 
easily  kept  bright  and  clean  by  being  dipped  from  time  to  time  in 
a  solution  of  chloride  of  mercury  and  wiped.  The  copper  plate 
should  also  be  removed  from  the  cup,  cleaned,  and  re-amalgamated 
occasionally.  All  permanent  connexions  should  be  soldered. 

The  apparatus  itself,  as  actually  constructed,  will  now  be 
described  (figs.  1  to  6),  Plate  1.  It  consists  of  a  wooden  board*, 
about  12  in.  x  7  in.,  containing  the  mercury-cups,  the  adjusting 
wire,  WX,  the  key,  K,  and  the  terminals  to  which  the  battery  and 
galvanometer  are  connected.  The  letters  in  the  figures  1  to  6 
correspond  exactly  to  those  used  in  the  diagrams  7  and  8 ;  and  the 
apparent  complexity  of  the  connexions  can  thus  be  easily  dis- 
entangled, c,  G! ;  a,  a!  are  two  pairs  of  mercury-cups,  into  which  the 
terminal  wires  on  the  bobbin,  C,  A,  dip.  This  bobbin  contains 
the  two  coils,  C  and  A,  forming  the  arms  of  the  balance,  r,  7\  and 
s,  sl  are  mercury-cups,  into  which  the  terminals  of  the  standard  and 
coil  to  be  adjusted  are  placed.  These  mercury-cups  are  so  con- 
nected with  the  four  cups,  d,  d1)f,flt  that  when  d  is  connected 
with  dlf  and  /  with  f1}  by  a  couple  of  wires  in  a  small  square  of 
wood,  D,  then  A,  C,  S,  and  R  are  connected  as  in  fig.  7  ;  but  when 
D  is  turned  round,  so  as  to  connect  d  with  /,  and  dl  with  fl}  A,  C, 

*  Experience  has  shown  that  this  board  should  be  made  wholly  of  vulcanite, 
and  not,  as  shown  in  the  drawing,  partly  of  wood  and  partly  of  vulcanite. — 
F.  J.,  1872. 
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R,  and  S  are  connected  as  in  fig.  8.  D  is  called  the  commutator. 
The  same  end  might  be  effected  without  a  commutator  by  simply 
interchanging  R  and  S',  but  it  is  frequently  inconvenient  to  do 
this.  All  these  connexions  are  made  by  short  stout  copper  bars, 
dotted  in  fig.  2.  The  wire  WX,  the  sliding  brass  piece  H,  carrying 
a  spring  for  the  contact  at  U  (fig.  4),  and  the  scale  E,  by  which  the 
position  of  H  is  observed,  will  be  readily  understood  from  the 
drawing.  The  sliding  piece,  H,  is  connected  with  the  proper 
points  by  the  helix  of  copper  wire,  h,  and  the  screw,  I.  GGr  and 
BBl  are  common  binding-screws,  to  which  the  wires  from  the 
galvanometer  and  battery  are  attached.  K  is  the  key,  by  depressing 
which,  first,  the  battery  is  thrown  into  circuit,  and  then  the 
galvanometer.  It  consists  of  three  brass  springs,  1,  2,  3  (fig.  5), 
each  insulated  one  from  the  other,  and  connected  by  three  screws, 
1,  2,  3  (fig.  2),  with  the  necessary  points  of  the  arrangement.  A 
fourth  terminal,  4  (figs.  2  and  6),  is  immediately  under  the  free 
end  of  the  springs,  and  is  armed  with  a  small  platinum  knob  or 
contact-piece.  The  three  springs  are  also  all  armed  with  platinum 
contact-pieces,  all  in  a  line  one  above  the  other  (fig.  6).  When 
the  finger-piece,  Ty  is  pressed  down,  1  and  2  are  first  joined,  and 
then  3  and  4 ;  3  is  insulated  from  2  by  the  vulcanite,  Q.  All  the 
connexions  which  are  permanently  made,  and  under  the  board,  are 
shown  in  fig.  2.  Those  which  have  no  sensible  resistance  are  stout 
copper  bars,  and  form  the  bottoms  of  the  mercury-cups :  those  of 
which  the  resistance  is  immaterial  are  made  of  wire,  insulated  by 
gutta-percha,  and  are  simply  shown  as  dotted  irregular  lines  in 
fig.  2 ;  they  will  be  found,  on  comparison,  to  correspond  with  the 
thin  lines  on  fig.  7.  It  will  also  be  found  that  those  parts  shown 
by  thick  lines  in  the  diagram  are  made  by  thick  bars  or  rods  and 
mercury-cups. 

Three  sets  of  arms,  CA,  C-^A^  CzA2y  are  provided;  the  shortest 
pair  is  first  used,  and  U  adjusted  by  the  slide,  H,  till  the  galvano- 
meter does  not  deflect  when  T  is  pressed  down.  The  commutator, 
D,  is  then  turned  round,  and  U  adjusted  afresh.  The  coil,  R,  is 
then  altered  according  to  the  two  positions  of  Ut  and  this  process 
repeated,  using  the  second  and  third  pair  of  arms  as  required, 
until  the  desired  approximation  between  R  and  S  has  been 
obtained.  An  astatic  galvanometer,  with  a  very  long  coil,  will,  for 
most  purposes,  give  the  best  results;  and  one  or  two  elements  will 
be  found  a  sufficient  battery.  The  construction  of  R  and  S 
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recommended,  and  the  precautions  to  ensure  perfect  equality  of 
temperature,  will  form  part  of  next  year's  Report. 

The  apparatus,  although  specially  designed  for  the  production 
of  equal  coils,  is  applicable  to  ordinary  measurements  of  resistance 
by  comparison  with  a  set  of  resistance-coils ;  for  this  purpose  the 
terminals  of  the  resistance-coils  should  be  put  in  the  place  of  the 
standard  S,  and  any  conductor  of  which  the  resistance  is  to  be 
measured  in  the  place  of  R.  If  a  comparison  by  equality  is  to  be 
made,  the  wire  W X  can  be  used  as  already  described ;  it  is,  how- 
ever, frequently  desirable  to  make  a  comparison  with  one  arm 
tenfold  or  a  hundredfold  greater  than  the  other,  by  which  means 
measurements  of  resistances  can  be  made  ten  or  a  hundred  times 
greater  or  smaller  than  could  be  done  if  equality  alone  between  R 
and  S  were  measured;  for  this  purpose  the  three  pairs,  AC,  A^, 
AZC2,  are  made  exactly  decimal  multiples  one  of  the  other,  and 
then,  by  taking  A  and  Clf  or  A  and  C2,  etc.,  in  the  cups  a,  a^  and 
c,  GI,  the  required  decimal  ratio  is  obtained.  The  resistance  of  the 
wire  WX  would,  however,  falsify  this  ratio,  and  it  is  eliminated  by 
a  simple  copper  rod,  which  is  placed  for  the  purpose  between  the 
two  cups,  e,  el}  and  maintains  the  whole  wire  WX  at  sensibly  one 
potential.  The  commutator  also  is  useless  in  measurements  of 
this  kind,  and  should  be  left  untouched  in  the  position  shown  in 

%  i. 

The  apparatus  exhibited  was  manufactured  for  the  Committee 
by  Messrs  Elliott  Brothers,  of  London,  and  gives  excellent  results. 


SECOND  REPOKT— NEWCASTLE-ON-TYNE,  1863. 

THE  Committee  on  Electrical  Measurements,  appointed  in 
1862,  have  not  confined  their  attention  to  determining  the  best 
unit  of  electrical  resistance,  the  point  to  which  the  duties  of  the 
Committee  of  1861  were  nominally  restricted,  but  have  viewed 
this  comparatively  limited  question  as  one  part  only  of  the  much 
larger  subject  of  general  electrical  measurement.  The  Committee, 
after  mature  consideration,  are  of  opinion  that  the  system  of 
so-called  absolute  electrical  units,  based  on  purely  mechanical 
measurements,  is  not  only  the  best  system  yet  proposed,  but  is  the 
only  one  consistent  with  our  present  knowledge  both  of  the  relations 
existing  between  the  various  electrical  phenomena  and  of  the 
connexion  between  these  and  the  fundamental  measurements  of 
time,  space,  and  mass.  The  only  hesitation  felt  by  the  Committee 
was  caused  by  doubts  as  to  the  degree  of  accuracy  with  which  this 
admirable  system  could  be  or  had  been  reduced  to  practice. 

The  measurements  of  voltaic  currents,  electromotive  force,  and 
quantity  would  offer  little  difficulty,  provided  only  electrical  resist- 
ance could  be  measured  in  absolute  units :  and  for  this  purpose  it 
would  be  sufficient  that  the  resistance  of  a  single  standard  con- 
ductor should  be  so  determined,  since  copies  of  this  standard  could 
be  multiplied  at  will  with  any  desired  precision,  and  from  com- 
parison with  these  copies  the  absolute  resistance  of  any  circuit 
whatever  could  be  obtained  by  methods  requiring  comparatively 
little  skill  and  well  known  to  all  electricians.  The  practical  adop- 
tion of  the  absolute  system  was  felt  therefore  to  depend  on  the 
accuracy  with  which  the  absolute  resistance  of  some  one  standard 
conductor  could  be  measured;  and  while  doubts  existed  on  this 
point,  it  was  thought  premature  to  make  any  extended  experiments 
on  the  application  of  the  absolute  system  to  voltaic  currents, 
electromotive  force,  or  quantity.  The  Committee  are  happy  to 
report  that  these  doubts  have  been  dispelled  by  the  success  of  the 
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experiments  made  for  the  Committee  by  Professor  J.  Clerk  Max- 
well, Mr  Balfour  Stewart,  and  Mr  Fleeming  Jenkin,  according  to 
the  method  devised  by  Professor  W.  Thomson.  These  experiments 
have  been  actively  prosecuted  at  King's  College  for  the  last  five 
months  with  continually  increasing  success,  as,  one  by  one, 
successive  mechanical  and  electrical  improvements  have  been 
introduced,  and  the  various  sources  of  error  discovered  and 
eliminated. 

The  Sub-committee  are  confident  that  considerably  greater 
accuracy  can  yet  be  obtained  by  the  further  removal  of  slight 
defects,  the  importance  of  which  only  became  apparent  when  the 
main  difficulties  had  been  overcome.  In  order,  therefore,  to  secure 
the  best  attainable  result,  and  still  further  to  test  the  accuracy 
and  concordance  of  the  experiments  before  taking  any  irrevocable 
step,  the  Committee  have  decided  not  to  issue  standard  coils  at  the 
present  Meeting ;  but  the  results  already  obtained  leave  no  room 
for  doubt  that  the  absolute  system  may  be  adopted,  and  that  the 
final  standard  of  resistance  may  be  constructed  without  any  serious 
delay.  Over-haste  might  eventually  entail  corrections  as  incon- 
venient as  those  which  would  follow  an  arbitrary  and  unscientific 
choice  of  units,  and  the  very  experiments  made  by  the  Sub-com- 
mittee prove  that  the  hesitation  of  many  to  adopt  the  absolute 
units  as  hitherto  determined  was  well  founded.  It  is  certain  that 
resistance-coils  purporting  to  have  been  constructed  from  previous 
absolute  determinations  do  not  agree  one  with  another  within  7, 
8,  or  even  12  per  cent. 

Before  further  alluding  to  the  results  obtained  by  the  Sub- 
committee, it  is  desirable  that  the  experiments  themselves  should 
be  understood ;  and  to  this  end  the  Committee  have  thought  fit 
that  a  full  explanation  of  the  meaning  of  absolute  measurement, 
and  of  the  principles  by  which  absolute  electrical  units  are  deter- 
mined, should  form  part  of  the  present  Report,  especially  as  the 
only  information  on  the  subject  now  extant  is  scattered  in  detached 
papers  by  Weber,  Thomson,  Helmholtz,  and  others,  requiring  con- 
siderable labour  to  collect  and  understand.  In  order  to  make  this 
account  as  clear  as  possible,  it  has  been  thought  best  to  disregard 
entirely  the  chronological  order  of  the  discoveries  and  writings  on 
which  the  absolute  system  is  founded;  and  this  has  rendered  it 
very  difficult  to  refer  to  the  original  source  of  each  statement  or 
conclusion.  In  the  Appendix  (C)  this  want  is,  it  is  hoped, 
remedied. 
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The  word  "  absolute  "  in  the  present  sense  is  used  as  opposed 
to  the  word  "relative,"  and  by  no  means  implies  that  the  measure- 
ment is  accurately  made,  or  that  the  unit  employed  is  of  perfect 
construction ;  in  other  words,  it  does  not  mean  that  the  measure- 
ments or  units  are  absolutely  correct,  but  only  that  the  measure- 
ment, instead  of  being  a  simple  comparison  with  an  arbitrary 
quantity  of  the  same  kind  as  that  measured,  is  made  by  reference 
to  certain  fundamental  units  of  another  kind  treated  as  postulates. 
An  example  will  make  this  clearer.  When  the  power  exerted  by 
an  engine  is  expressed  as  equal  to  the  power  of  so  many  horses, 
the  measurement  is  not  what  is  called  absolute ;  it  is  simply 
the  comparison  of  one  power  with  another  arbitrarily  selected, 
without  reference  to  units  of  space,  mass,  or  time,  although  these 
ideas  are  necessarily  involved  in  any  idea  of  work.  Nor  would 
this  measurement  be  at  all  more  absolute  if  some  particular  horse 
could  be  found  who  was  always  in  exactly  the  same  condition  and 
could  do  exactly  the  same  quantity  of  work  in  an  hour  at  all 
times.  The  foot-pound,  on  the  other  hand,  is  one  derived  unit  of 
work,  and  the  power  of  an  engine  when  expressed  in  foot-pounds 
is  measured  in  a  kind  of  absolute  measurement,  i.e.  not  by 
reference  to  another  source  of  power,  such  as  a  horse  or  a  man, 
but  by  reference  to  the  units  of  weight  and  length  simply — units 
which  have  been  long  in  general  use,  and  may  be  treated  as 
fundamental.  In  this  illustration,  chosen  for  its  simplicity,  the 
unit  of  force  is  assumed  as  fundamental,  and  as  equal  to  that 
exerted  by  gravitation  on  the  unit  mass ;  but  this  force  is  itself 
arbitrarily  chosen,  and  is  inconstant,  depending  on  the  latitude  of 
the  place  of  the  experiment. 

In  true  absolute  measurement  the  unit  of  force  is  denned  as 
the  force  capable  of  producing  the  unit  velocity  in  the  unit  of 
mass  when  it  has  acted  on  it  for  the  unit  of  time.  Hence  this 
force  acting  through  the  unit  of  space  performs  the  absolute  unit 
of  work.  In  these  two  definitions,  time,  mass,  and  space  are 
alone  involved ;  and  the  units  in  which  these  are  measured, 
i.e.  the  second,  gramme,  and  metre,  will  alone,  in  what  follows, 
be  considered  as  fundamental  units.  Still  simpler  examples  of 
absolute  and  non-absolute  measurements  may  be  taken  from  the 
standards  of  capacity.  The  gallon  is  an  arbitrary  or  non-absolute 
unit.  The  cubic  foot  and  the  litre  or  cubic  decimetre  are  absolute 
units.  In  fine,  the  word  absolute  is  intended  to  convey  the  idea 
that  the  natural  connexion  between  one  kind  of  magnitude  and 
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another  has  been  attended  to,  and  that  all  the  units  form  part  of 
a  coherent  system.  It  appears  probable  that  the  name  of  "derived 
units"  would  more  readily  convey  the  required  idea  than  the  word 
"absolute,"  or  the  name  of  mechanical  units  might  have  been 
adopted ;  but  when  a  word  has  once  been  generally  accepted,  it  is 
undesirable  to  introduce  a  new  word  to  express  the  same  idea. 
The  object  or  use  of  the  absolute  system  of  units  may  be  expressed 
by  saying  that  it  avoids  useless  coefficients  in  passing  from  one 
kind  of  measurement  to  another.  Thus,  in  calculating  the 
contents  of  a  tank,  if  the  dimensions  are  in  feet,  the  cubic  contents 
are  given  in  cubic  feet,  without  the  introduction  of  any  coefficient 
or  divisor ;  but  to  obtain  the  contents  in  gallons,  the  divisor  6'25 
is  required.  If  the  power  of  an  engine  is  to  be  deduced  from  the 
pressure  on  the  piston  and  its  speed,  it  is  given  in  foot-pounds 
or  metre-kilogrammes  per  second  by  a  simple  multiplication ;  to 
obtain  it  in  horse-power,  the  coefficients  -^Q  or  7^-  must  be  used. 
No  doubt  all  the  natural  relations  between  the  various  magnitudes 
to  be  measured  may  be  expressed  and  made  use  of,  however 
arbitrary  and  incoherent  the  units  may  be.  Nevertheless  the 
introduction  of  the  numerous  factors  then  required  in  every  calcu- 
lation is  a  very  serious  annoyance ;  and  moreover,  where  the 
relations  between  various  kinds  of  measurement  are  not  imme- 
diately apparent,  the  use  of  the  coherent  or  absolute  system  will 
lead  much  more  rapidly  to  a  general  knowledge  of  these  relations 
than  the  mere  publication  of  formulae. 

The  absolute  system  is,  however,  not  only  the  best  practical 
system,  but  it  is  the  only  rational  system.  Every  one  will  readily 
perceive  the  absurdity  of  attempting  to  teach  geometry  with  a 
unit  of  capacity  so  defined  that  the  contents  of  a  cube  should  be 
6J  times  the  arithmetical  cube  of  one  side,  or  with  a  unit  of 
surface  of  such  dimensions  that  the  surface  of  a  rectangle  would 
be  equal  to  0'000023  times  the  product  of  its  sides ;  but  geometry 
so  taught  would  not  be  one  whit  more  absurd  than  the  science  of 
electricity  would  become  unless  the  absolute  system  of  units  were 
adopted. 

In  determining  the  unit  of  electrical  resistance  and  the  other 
electrical  units,  we  must  simply  follow  the  natural  relation  existing 
between  the  various  electrical  quantities,  and  between  these  and 
the  fundamental  units  of  hi  me,  mass,  and  space.  The  electrical 
phenomena  susceptible  of  measurement  are  four  in  number — • 
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current,  electromotive  force,  resistance,  and  quantity.  The 
definitions  of  these  need  not  now  be  given,  but  will  be  found 
in  the  Appendix  C  (§§  14,  15,  16,  and  17).  Their  relations  one  to 
another  are  extremely  simple,and  maybe  expressed  by  two  equations. 
First,  by  Ohm's  law,  experimentally  determined,  we  have  the 
equation 


where  C  =  current,  E  =  electromotive  force,  and  R  =  resistance. 
From  this  formula  it  follows  that  the  unit  electromotive  force 
must  produce  the  unit  current  in  a  circuit  of  unit  resistance;  for 
if  units  were  chosen  bearing  any  other  relation  to  each  other, 

7? 
C  would  be  equal  to  x  ^  ,  where  x  would  be  a  useless  and  absurd 

factor,  complicating  all  calculation,  and  confusing  the  very  simple 
conception  of  the  relation  established  by  Ohm's  law. 

Secondly,  it  has  been  experimentally  proved  by  Dr  Faraday 
that  the  statical  quantity  of  electricity  conveyed  by  any  given 
current  is  simply  proportional  to  the  strength  of  the  current, 
whether  electro-  magnetically  or  electro-chemically  measured,  and 
to  the  time  during  which  it  flows;  hence,  in  mathematical 
language,  we  have  the  equation 

Q-Ct,  ..............................  (2) 

where  t  =  time,  and  Q  =  quantity.  From  this  equation  it  follows 
that  the  unit  of  quantity  must  be  the  quantity  conveyed  by  the 
unit  current  in  the  unit  of  time  ;  otherwise  we  should  have 
Q  =  yCt,  where  y  would  be  a  second  useless  and  absurd  coefficient. 
From  equations  (1)  and  (2)  it  follows  that  only  two  of  the  elec- 
trical units  could  be  arbitrarily  chosen,  even  if  the  natural  relation 
between  electrical  and  mechanical  measurements  were  disregarded. 
Thus  if  the  electromotive  force  of  a  Daniell's  cell  were  taken  as  the 
unit  of  electromotive  force,  and  the  resistance  of  a  metre  of  mercury 
of  one  millimetre  section  at  0°  were  taken  as  the  unit  of  resistance, 
it  would  follow  from  equations  (1)  and  (2)  that  the  unit  of  current 
must  be  that  which  would  be  produced  by  the  Daniell's  cell  in  a 
circuit  of  the  above  resistance,  and  the  unit  of  quantity  would  be 
the  quantity  conveyed  by  that  current  in  a  second  of  time.  Such 
a  system  would  be  coherent;  and  if  all  mechanical,  chemical,  and 
thermal  effects  produced  by  electricity  could  be  neglected,  such  a 
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system  might  perhaps  be  called  absolute.  But  all  our  knowledge 
of  electricity  is  derived  from  the  mechanical,  chemical,  and  thermal 
effects  which  it  produces,  and  these  effects  cannot  be  ignored  in  a 
true  absolute  system.  Chemical  and  thermal  effects  are,  however, 
now  all  measured  by  reference  to  the  mechanical  unit  of  work ; 
and  therefore,  in  forming  a  coherent  electrical  system,  the  chemical 
and  thermal  effects  may  be  neglected,  arid  it  is  only  necessary  to 
attend  to  the  connexion  between  electrical  magnitudes  and  the 
mechanical  units.  What,  then,  are  the  mechanical  effects  observed 
in  connexion  with  electricity  ?  First,  it  has  been  proved  that 
whenever  a  current  flows  through  any  circuit  it  performs  work,  or 
produces  heat  or  chemical  action  equivalent  to  work.  This  work 
or  its  equivalent  was  experimentally  proved  by  Dr  Joule  to  be 
directly  proportional  to  the  square  of  the  current,  to  the  time 
during  which  it  acts,  and  to  the  resistance  of  the  circuit ;  and  it 
depends  on  these  magnitudes  only.  In  mathematical  language 
this  is  expressed  by  the  equation 

W=C2Rt,    (3) 

where  W  =  the  work  equivalent  to  all  the  effects  produced  in  the 
circuit,  and  the  other  letters  retain  their  previous  signification. 
This  is  the  third  fundamental  equation  affecting  the  four  electrical 
quantities,  and  represents  the  most  important  connexion  between 
them  and  the  mechanical  units.  From  equation  (3)  it  follows 
(unless  another  absurd  coefficient  be  introduced)  that  the  unit 
current  flowing  for  a  unit  of  time  through  a  circuit  of  unit  re- 
sistance will  perform  a  unit  of  work  or  its  equivalent.  If  every 
relation  existing  between  electrical  and  mechanical  measurements 
were  expressed  by  the  three  fundamental  equations  now  given, 
they  would  still  leave  the  series  of  units  undefined,  and  one  unit 
might  be  arbitrarily  chosen  from  which  the  three  other  units 
would  be  deduced  by  the  three  equations;  but  these  three 
equations  by  no  means  exhaust  the  natural  relations  between 
mechanical  and  electrical  measurements.  For  instance,  it  is  ob- 
served that  two  equal  and  similar  quantities  of  electricity  collected 
in  two  points  repel  one  another  with  a  force  (F)  directly  propor- 
tional to  the  quantity  Q,  and  inversely  to  the  square  of  the  distance 
(d)  between  the  points.  This  gives  the  equation 
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from  which  it  would  follow  that  the  unit  quantity  should  be  that 
which  at  a  unit  distance  repels  a  similar  and  equal  quantity  with 
unit  force.  The  four  equations  now  given  are  sufficient  to  measure 
all  electrical  phenomena  by  reference  to  time,  mass,  and  space 
only,  or,  in  other  words,  to  determine  the  four  electrical  units  by 
reference  to  mechanical  units.  Equation  (4)  at  once  determines 
the  unit  of  quantity,  which,  by  equation  (2),  determines  the  unit 
current ;  the  unit  of  resistance  is  then  determined  by  equation 
(3),  and  the  unit  electromotive  force  by  equation  (1).  Here,  then, 
is  one  absolute  or  coherent  system,  starting  from  an  effect  pro- 
duced by  electricity  when  at  rest.  The  units  based  on  these  four 
equations  are  precisely  those  called  by  Weber  electrostatical  units, 
although  it  may  be  observed  that  he  chose  those  units  without 
reference  to  what  is  here  called  the  third  fundamental  equation, 
or,  in  other  words,  without  reference  to  the  idea  of  work,  intro- 
duced into  the  system  by  Thomson  and  Helmholtz*. 

The  four  equations  are  sufficient  to  determine  the  four  units, 
and  into  this  system  no  new  relation  can  be  introduced.     The  first 
three  equations  may,  however,  be  retained,  and  a  distinct  absolute 
system  established  by  substituting  some  other  relation  between 
electrical  and  mechanical  magnitudes  than  is  expressed  in  equa- 
tion (4);  and,  indeed,  the  electrostatic  system  just  defined  is  not 
that  which  will  be  found  most  generally  useful.     It  is  based  on  a 
statical  phenomenon,  whereas  at  present  the  chief  applications  of 
electricity  are  dynamic,  depending  on  electricity  in  motion,  or  on 
voltaic  currents  with  their  accompanying  electro-magnetic  effects. 
Now  the  force  exerted  on  the  pole  of  a  magnet  by  a  current  in 
ite  neighbourhood   is   a   purely   mechanical   phenomenon.     This 
force  (/)  is  proportional  to  the  magnetic  strength  (m)  of  the  pole 
of  the  magnet,  and  to  the  strength  of  the  current  C ;  and  if  the 
conductor  be  at  all  points  equidistant  from  the  pole,  or,  in  other 
words,  be  bent  in  a  circle  of  the  radius  k  round  the  pole,  the  force 
is  proportional  to  the  length  of  the  conductor  (L) ;  it  is  also  in- 
versely proportional  to  the  square  of  the  distance  (k)  of  the  pole 
fr-'iii  the  conductor,  and  is  affected  by  no  other  circumstances  than 
those  named.     Hence  we  have 

*     CLm 

/=nF (5) 

*   Vide  Appendix  C,  §  31. 
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From  this  equation  it  follows  that  the  unit  length  of  the  unit 
current  must  produce  the  unit  force  on  a  unit  pole  at  the  unit 
distance.  If  the  equations  (1),  (2),  (3),  and  (5)  are  adopted  as 
fundamental,  they  give  a  distinct  absolute  system  of  units,  called 
by  Weber  the  electro-magnetic  units.  Equations  (4)  and  (5)  are 
incompatible  one  with  another,  if  equation  (2)  be  considered 
fundamental ;  but  the  electro- magnetic  units  have  a  constant  and 
natural  relation  to  the  electrostatic  units.  It  will  be  seen  that  in 
the  fundamental  equation  (5)  of  the  electro-magnetic  system, 
besides  the  measurement  of  time,  space,  and  mass,  alone  entering 
into  the  other  equations,  a  fourth  measurement  (ra)  of  a  magnetic 
pole  is  required ;  but  this  measurement  is  in  itself  made  in  terms 
of  the  mechanical  units,  for  the  unit  pole  is  simply  that  which 
repels  another  equal  pole  at  unit  distance  with  unit  force.  Thus 
in  the  electro-magnetic  as  in  the  electrostatic  system  all  measure- 
ments are  ultimately  referred  to  the  fundamental  units  of  time, 
space,  and  mass.  The  electro-magnetic  units  are  found  much  the 
more  convenient  when  dealing,  as  we  have  now  chiefly  occasion  to 
do,  with  electro-magnetic  phenomena. 

The  relations  of  the  electro-magnetic  units  one  to  another  and 
to  the  mechanical  units  may  be  summed  up  as  follows : — The  unit 
current  conveys  a  unit  quantity  of  electricity  through  the  circuit 
in  a  unit  of  time.  The  unit  current  in  a  conductor  of  unit  re- 
sistance produces  an  effect  equivalent  to  the  unit  of  work  in  the 
unit  of  time.  The  unit  current  will  be  produced  in  a  circuit  of 
unit  resistance  by  the  unit  electromotive  force.  The  unit  current 
flowing  through  a  conductor  of  unit  length  will  exert  the  unit 
force  on  a  unit  pole  at  unit  distance.  (In  the  electrostatic 
system  all  the  above  propositions  hold  good  except  the  last,  for 
which  the  following  must  be  substituted : — the  unit  quantity  of 
electricity  will  repel  a  similar  quantity  at  the  unit  distance  with 
unit  force.) 

It  remains  to  be  explained  how  electrical  measurements  can  be 
practically  made  in  electro-magnetic  units.  Of  all  the  magnitudes, 
currents  are  the  most  easily  measured,  provided  the  horizontal 
force  (H)  of  the  earth's  magnetism  be  known.  Let  a  length  (L) 
of  wire  be  wound  so  as  to  form  a  circular  coil  of  small  section  as 
compared  with  its  radius  (k). 

Let  a  short  magnet  be  hung  in  the  centre  of  the  coil  placed  in 
the  magnetic  meridian,  as  in  the  ordinary  tangent  galvanometer, 
B.  A.  5 
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and  let  the  deflection  produced  by  the  current  G  be  called  d,  then 
it  is  easily*  proved  from  the  fundamental  equation  (5)  that 

ind (6) 


Thus,  where  the  value  of  H  is  known,  a  tangent  galvanometer 
only  is  required  to  determine  the  magnitude  of  a  current  in 
electro-magnetic  absolute  measure,  although  neither  the  resist- 
ance of  the  circuit  nor  the  electromotive  force  producing  the 
current  may  be  known.  The  measurement  of  quantity  can  be 

uiu-d  from  that  of  a  current  by  a  make-and-break  apparatus, 
or  "  Wippe,"  in  a  well-known  manner,  or  by  measuring  the  swing 
of  a  galvanometer-needle  when  a  single  instantaneous  discharge  is 
allowed  to  pass  through  it  (Appendix  C,  §  25).  If,  therefore,  we 
could  measure  resistance  in  absolute  measure,  the  whole  system  of 
practical  absolute  measurement  would  be  complete,  since,  when 
the  current  and  resistance  are  known,  equation  (1)  (Ohm's  law) 
directly  gives  the  electromotive  force  producing  the  current.  The 
object  of  the  experiments  of  the  Sub-committee  (made  at  King's 
College,  by  the  kind  permission  of  the  Principal)  was  therefore  to 
determine,  in  the  absolute  system,  the  resistance  of  a  certain  piece 
of  wire,  in  order  from  this  one  careful  determination  to  construct 
the  material  representative  of  the  absolute  unit  with  which  all 
other  resistances  would  be  compared  by  well-known  methods. 

There  are  several  means  by  which  the  absolute  resistance  of 
a  wire  can  be  measured.  Starting  from  equation  (3),  Professor 
Thomson,  in  1851,  determined  the  absolute  resistance  of  a  wire 
by  means  of  Dr  Joule's  experimental  measurement  of  the  heat 

*  The  resultant  electro-magnetic  force  (/)  exerted  at  the  centre  of  the  coil  by 

C*T 

a  current  (C)  will,  by  equation  (5),  be  /= -p-  >  and  the  short  magnet  hung  in  the 

centre  will  experience  a  couple  acting  in  a  direction  perpendicular  to  the  plane  of 
the  coil  equal  to  — p— »  where  ml  =  the  product  of  the  strength  of  one  of  the  poles 

into  the  length  of  the  magnet,  or,  in  other  words,  its  magnetic  moment.     The 
strength  of  the  couple  acting  perpendicularly  to  the  axis  of  the  magnet,  when  it 

CI  inl 
has  deflected  to  an  angle  d  under  the  influence  of  the  current,  will  be  cos  d  ; 

at  the  same  time  the  equal  and  opposite  couple  exerted  on  the  magnet  by  the  earth's 
magnetism  will  be  siudHml-,  hence 

Hk*     sind      H 

C  =  — p-  x .  =  — 

L       cos  d 
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developed  in  the  wire  by  a  current  * ;  and  by  this  method  he 
obtained  a  result  which  agrees  within  about  5  per  cent,  with  our 
latest  experiments.  This  method  is  the  simplest  of  all,  so  far  as 
the  mental  conception  is  concerned,  and  is  probably  susceptible  of 
very  considerable  accuracy. 

Indirect  methods  depending  on  the  electromotive  force  induced 
in  a  wire  moving  across  a  magnetic  field  have,  however,  now  been 
more  accurately  applied ;  but,  before  describing  these  methods,  it 
will  be  necessary  to  point  out  the  connexion  between  the  electro- 
motive force  induced  in  the  above  manner  and  the  fundamental 
equations  adopted  for  the  absolute  system.  The  exact  sense  in 
which  the  terms  are  employed  is  defined  in  the  accompanying 
footnote,  along  with  some  simple  corollaries  from  those  defi- 
nitions f. 

*  Phil.  Mag.  vol.  n.  ser.  4,  1851,  p.  551. 

f  Definition  1. — A  magnetic  field  is  any  space  in  the  neighbourhood  of  a  magnet. 

Definition  2.— The  unit  magnetic  pole  is  that  which,  at  a  unit  distance  from  a 
similar  pole,  is  repelled  with  unit  force. 

Definition  3. — The  intensity  of  a  magnetic  field  at  any  point  is  equal  to  the  force 
which  the  unit  pole  would  experience  at  that  point. 

Corollary  1. — A  pole  of  given  strength  (S)  will  produce  a  magnetic  field  which 
(if  uninfluenced  by  other  magnetic  forces)  will  at  the  unit  distance  from  the  pole  be 
of  the  intensity  S,  i.e.  numerically  equal  to  the  strength  of  the  pole ;  for,  at  that 
distance,  the  force  exerted  on  a  unit  pole  would,  by  def.  2,  be  equal  to  S,  and  hence, 
by  def.  3,  the  intensity  of  the  magnetic  field  at  that  point  would  be  equal  to  S. 

Definition  4. — The  direction  of  the  force  in  the  field  is  the  direction  in  which 
any  pole  is  urged  by  the  magnetism  of  the  field ;  this  is  the  direction  which  a  short, 
balanced,  freely  suspended  magnet  would  assume. 

Remark. — The  properties  of  a  magnetic  field,  as  shown  by  Dr  Faraday,  may  be 
conveniently  and  accurately  conceived  as  represented  by  lines  of  force  (each  line 
representing  a  force  of  constant  intensity).  The  direction  of  the  lines  will  indicate 
the  direction  of  the  force  at  all  points;  and  the  number  of  lines  which  pass  through 
the  unit  area  of  cross  section  will  represent  the  magnetic  intensity  of  the  field 
resolved  perpendicularly  to  that  area. 

Definition  5. — A  uniform  magnetic  field  is  one  in  which  the  intensity  is  equal 
throughout,  and  hence,  as  demonstrated  by  Professor  W.  Thomson,  the  lines  of 
force  parallel. 

Example. — The  earth  is  a  great  magnet.  The  instrument-room,  where  experi- 
ments are  tried,  is  a  magnetic  field.  The  dipping-needle  is  an  instrument  by  which 
the  direction  of  the  lines  of  force  is  found.  The  intensity  of  the  field  is  found  by  a 
method  described  in  the  Admiralty  Manual,  3rd  edit.,  article  "Terrestrial  Magnetism." 
The  number  of  lines  of  force  passing  through  the  unit  of  area  perpendicularly  to  the 
dipping-needle  in  the  room  must  be  conceived  as  proportional  to  this  intensity,  and 
the  direction  to  correspond  with  that  of  the  dipping-needle.  The  magnitude  and 
direction  of  the  earth's  force  at  a  point  are  generally  expressed  by  resolving  it  into 
two  components,  one  horizontal  and  the  other  vertical.  The  mean  horizontal 

5—2 
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A  current  ((7)  in  a  straight  conductor  of  length  (L)  crossing 
the  lines  of  force  of  a  magnetic  field  of  the  intensity  (8)  at  right 
angles  will  experience  the  same  force  (/)  as  if  all  the  points  of 
the  conductor  were  at  the  unit  distance  from  a  pole  of  the  strength 
(S).  The  force  in  this  case  exerted  on  the  magnet  is,  by  equation 
(5),  equal  to  8LC,  and,  conversely,  an  equal  force  is  exerted  by  the 
magnet  on  the  current.  Hence  we  have  equation  (7),  expressing 
the  value  of  the  force  (/)  exerted  on  a  current  crossing  a  magnetic 
field  at  right  angles, 

f=8LC  ............................  (7) 

Let  us  imagine  this  straight  conductor  to  have  its  two  ends 
resting  on  two  conducting-rails  of  large  section  in  connexion  with 
the  earth,  and  let  the  whole  sensible  resistance  (R)  of  the  circuit 
thus  formed  be  constant  for  all  positions  of  the  conductor.  Let 
us  further  imagine  the  rails  so  placed  that  when  the  conductor 
slips  along  them  it  moves  perpendicularly  to  the  magnetic  lines  of 
force  and  to  its  own  length.  By  experiment  we  know  that  when 
the  conductor  is  moved  along  the  rails  cutting  these  lines  of  force, 
a  current  will  be  developed  in  the  circuit,  and  that  the  action  of 
the  magnetic  force  on  this  current  will  cause  a  resistance  (f)  to 
the  motion  (due  to  electro-magnetic  causes  only)  ;  and,  by  equa- 
tion (7),  we  find  that  this  resistance  f—  SLC. 

Let  the  motion  be  uniform,  and  its  velocity  be  called  V  \  and 
let  the  work  done  in  the  unit  of  time  in  overcoming  the  resistance 
to  motion  due  to  electro-magnetic  causes  be  called  W',  then 
W=  VSLG.  But  this  force  produces  no  other  effect  than  the 
current,  and  the  work  done  by  the  current  must  therefore  be  W, 
or  equivalent  to  that  done  in  moving  the  conductor  against  the 
force  /;  but,  by  equation  (3),  W  =  C2R,  and  hence 


(8) 


It  has  already  been  shown  that  C  and  S  can  be  obtained  in 
absolute  measure  ;  hence  the  second  member  of  equation  (8)  con- 
tains no  unknown  quantities,  and,  by  the  experiment  described, 

component  in  England  for  1862  was  at  Kew  =3-8154  British  units,  or  1-7592 
metrical;  i.e.  &  unit  pole  weighing  one  gramme,  and  free  to  move  in  a  horizontal 
plane,  would,  under  the  action  of  the  earth's  horizontal  force,  acquire,  at  the  end 
of  a  second,  a  velocity  equal  to  1-7592  metres  per  second.  (Vide  also  Appendix  C, 
§§  5  to  12.)  If  the  centimetre  is  taken  as  the  fundamental  unit  of  length,  -17592 
will  be  the  mean  value  of  the  horizontal  force. 
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the  absolute  resistance  (R)  of  a  wire  might  be  determined.  One 
curious  consequence  of  these  considerations  is,  that  the  resistance 
of  a  conductor  in  absolute  measure  is  really  expressed  by  a 
velocity ;  for,  by  equation  (8),  when  8L  =  C  we  have  R  =  V,  that 
is  to  say,  the  resistance  of  a  conductor  may  be  expressed  or  de- 
fined as  equal  to  the  velocity  with  which  it  must  move,  if  placed 
in  the  conditions  described,  in  order  to  generate  a  current  equal 
to  the  product  of  the  length  of  the  conductor  into  the  intensity 
of  the  magnetic  field ;  or  more  simply,  the  resistance  of  a  circuit 
is  the  velocity  with  which  a  conductor  of  unit  length  must  move 
across  a  magnetic  field  of  unit  intensity  in  order  to  generate  a 
unit  current  in  the  circuit.  Moreover  it  can  be  shown  that  this 
velocity  is  independent  of  the  magnitude  of  the  fundamental  units 
on  which  the  expression  of  the  magnetic  intensity  of  the  field  or 
strength  of  the  current  is  based,  and  hence  that  electrical  re- 
sistance really  is  measured  by  an  absolute  velocity  in  nature,  quite 
independently  of  the  units  of  time  and  space  in  which  it  is  expressed 

VSL 

(Appendix  C,  §  39).     By  equation  (8)  we  have  C  =     p    ,  but  by 

E> 

equation  (1)  C  = -p  ,  hence 

E=VSL;   (9) 

that  is  to  say,  the  electromotive  force  produced  between  two  ends 
of  a  straight  conductor  moved  perpendicularly  to  its  own  length 
and  to  the  lines  of  force  of  a  magnetic  field  is  equal  to  the  product 
of  the  intensity  of  the  field  into  the  length  of  the  conductor  and 
the  velocity  of  the  motion ;  or,  more  simply,  the  unit  length  of  a 
conductor  moving  with  unit  velocity  perpendicularly  across  the 
lines  of  force  of  a  magnetic  field  will  produce  a  unit  electromotive 
force  (or  difference  of  potential)  between  its  two  ends.  This  was 
by  Weber  made  a  fundamental  equation,  in  place  of  equation  (3), 
first  shown  by  Thomson  and  Helmholtz  to  be  consistent  with 
Weber's  electro-magnetic  equation.  These  simple  and  beautiful 
relations  between  inductive  effects  and  the  simple  voltaic  effects 
first  described  are  well  adapted  to  show  the  rational  and  coherent 
character  of  the  absolute  system. 

The  experiment  last  described,  as  a  method  of  finding  the 
absolute  resistance  of  a  conductor  by  measuring  the  velocity  of 
motion  of  a  straight  wire,  would  be  barely  practicable ;  but  it  will 
be  easily  understood  that  we  can,  by  calculation,  pass  from  this 
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simple  case  to  the  more  complex  case  of  a  circular  coil  of  known 
dimensions  revolving  with  known  velocity  about  an  axis  in  a 
magnetic  field  of  known  intensity.  Weber,  from  these  elements, 
determined  the  absolute  resistance  of  many  wires;  but  this 
method  requires  that  the  intensity  of  the  magnetic  field  be  known; 
and  the  determination  of  this  element  is  laborious,  while  its  value, 
for  the  earth  at  least,  is  very  inconstant.  A  method  due  to 
Professor  Thomson,  by  which  a  knowledge  of  this  element  is 
rendered  unnecessary,  has  therefore  been  adopted  in  the  experi- 
ments of  the  Sub-committee  at  King's  College.  In  this  plan  a 
small  magnet,  screened  from  the  effect  of  the  air,  is  hung  at  the 
centre  of  a  revolving  coil,  which  is  divided  into  two  parts  to  allow 
the  suspending  fibre  to  pass  freely. 

By  calculation  it  can  be  shown  that  when  the  coil  revolves 
round  a  vertical  axis,  the  couple  exerted  on  a  magnetic  needle  of 
the  moment  ml,  when  deflected  to  the  angle  d,  will  be 

DVH 


The  equal  and  opposite  couple  caused  by  the  earth's  magnetism 
will  be  Hml  sin  d.     Hence 

7"2T7" 

tanc?  = 
or  R  = 


an  equation  from  which  the  earth's  magnetic  force  and  the  moment 
of  the  suspended  magnet  have  been  eliminated,  and  by  which  the 
absolute  resistance  (R)  can  be  calculated  in  terms  of  the  length 
(L),  the  velocity  (  7),  the  radius  (k),  and  the  deflection  (d).  The 
resistance  thus  calculated  is  expressed  in  electro-magnetic  absolute 
units,  because  equation  (10)  is  a  simple  consequence  of  equations 
(1),  (3),  and  (5) — fundamental  equations  in  the  electro-magnetic 
system.  The  essence  of  Professor  Thomson's  method  consists  in 
substituting,  by  aid  of  the  laws  of  electro-magnetic  induction,  the 
measurements  of  a  velocity  and  a  deflection  for  the  more  complex 
and  therefore  less  accurate  measurements  of  work  and  force 
required  in  the  simple  fundamental  equations.  But,  however 
simple  in  theory  the  method  may  be,  the  practical  determination 
the  absolute  resistance  of  a  conductor  by  its  means  required 
great  care  and  very  numerous  precautions,— some  of  an  obvious 
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character,  while  the  need  of  others  only  became  apparent  during 
the  course  of  the  experiments. 

The  apparatus  consisted  of  two  circular  coils  of  copper  wire, 
about  one  foot  in  diameter,  placed  side  by  side,  and  connected  in 
series ;  these  coils  revolved  on  a  vertical  axis,  and  were  driven  by 
a  belt  from  a  hand-winch,  fitted  with  Huyghens's  gear  to  produce 
a  sensibly  constant  driving-power.  A  small  magnet,  with  a  mirror 
attached,  was  hung  in  the  centre  of  the  two  coils,  and  the  deflec- 
tions of  this  magnet  were  read  by  a  telescope  from  the  reflection 
of  a  scale  in  the  mirror.  A  frictional  governor  controlled  the 
speed  of  the  revolving  coil.  The  details  and  a  drawing  of  the 
apparatus  are  given  in  Appendix  D  and  Plate  2 ;  but  a  short 
account  may  fitly  be  given  here  of  the  points  of  chief  practical 
importance,  the  difficulties  encountered,  and  the  improvements 
still  desirable. 

It  is  essential  that  the  dimensions  of  the  coil  be  very  accurately 
known,  that  the  axis  on  which  it  revolves  should  be  truly  vertical, 
and  that,  except  in  the  coil  itself,  no  currents  affecting  the  position 
of  the  magnet  be  induced  in  any  part  of  the  apparatus.  To 
measure  the  angular  deflection  the  distance  of  the  scale  from  the 
mirror  is  required,  and  the  scale  must  be  truly  perpendicular  to 
the  line  joining  its  middle  point  with  the  suspension-fibre.  All 
these  conditions  were  fulfilled  without  difficulty ;  but  the  scale  by 
the  reflection  of  which  the  deflections  were  measured  was,  towards 
the  end  of  the  experiments,  found  not  to  be  very  accurately 
divided ;  and  although  a  correction  for  this  inaccuracy  has  been 
applied  in  the  calculations,  an  improvement  can  in  future  experi- 
ments be  effected  by  the  use  of  a  more  perfect  scale.  The  magnet 
was  suspended  by  a  single  silk  fibre,  eight  feet  long,  inside  a 
wooden  case,  and  by  suitable  adjustments  was  brought  very  care- 
fully to  the  centre  of  the  coils.  The  whole  suspended  system  was 
so  screened  from  currents  of  air,  and  so  well  protected  from 
vibration,  that  when  the  coil  revolved  at  its  full  speed  of  350 
revolutions  per  minute,  the  reflection  in  the  mirror  was  as  clear 
and  undisturbed  as  when  the  coil  was  at  rest.  The  torsion  of  the 
long  fibre  was  determined  by  experiment,  and  the  slight  necessary 
corrections  applied  in  the  calculations.  The  Huyghens's  gearing 
for  the  driving  hand-winch  was  somewhat  roughly  constructed, 
and  could  certainly  be  improved;  nevertheless  there  was  little 
difficulty  in  maintaining  a  sensibly  constant  driving-power  for 
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twenty  minutes  at  a  time.  The  speed  of  the  coil  was  controlled 
by  a  frictional  governor  of  novel  form,  designed  by  Mr  Jenkin  for 
another  purpose,  and  lent  for  the  experiments  in  question.  The 
action  of  this  governor,  combined  with  that  of  the  driving-gear, 
was  such  that  in  many  experiments  the  oscillations  in  deflection 
due  to  a  change  of  speed  were  not  so  great  as  those  due  to  the 
passage  of  steamers  in  the  river  when  all  parts  of  the  apparatus 
were  at  rest ;  so  that  the  deflections  during  twenty  minutes  could 
be  quite  as  accurately  observed  as  the  slightly  imperfect  zero-point 
from  which  they  were  measured.  Still  better  results  are  expected 
with  a  larger  governor,  made  specially  for  the  apparatus,  on  the 
joint  plans  of  Professor  Thomson  and  Mr  Jenkin  The  oscillations 
produced  by  the  passage  of  steamers  on  the  Thames  at  no  great 
distance  from  the  place  of  experiments  were  of  very  sensible 
magnitude;  and  although  by  carefully  observing  the  limit  of  every 
oscillation  during  every  experiment  the  error  due  to  this  cause 
was  in  great  part  eliminated,  it  is  desirable  that  any  future 
experiments  should  be  conducted  in  some  spot  free  from  all  local 
magnetic  disturbance. 

The  speed  of  the  coil  was  determined  by  observing  on  a  chro- 
nometer the  instant  at  which  a  small  gong  was  struck  by  a  detent 
released  once  in  every  hundred  revolutions.  Mr  Balfour  Stewart's 
skill  in  this  kind  of  observation  enabled  him  thus  to  determine 
the  velocity  with  great  accuracy,  especially  as  the  observations 
frequently  lasted  for  twenty  minutes  without  material  alteration 
in  the  speed. 

During  the  operation  of  coiling  the  wire,  the  circumference  of 
the  core  and  of  each  successive  layer  was  carefully  measured  by 
means  of  a  steel  riband  applied  first  to  the  coil,  and  then  to  a 
standard  scale,  allowance  being  made  for  the  half  thickness  of  the 
steel.  From  this  the  mean  radius  and  depth  of  the  coil  and  the 
effective  length  of  the  wire  were  determined.  It  was  considered 
advisable,  however,  in  order  to  check  any  error  in  counting  the 
number  of  windings  of  the  coil,  to  measure  the  length  of  the  wire 
when  uncoiled.  This  was  effected  without  stretching  the  wire,  in 
a  manner  amusing  from  its  simplicity.  At  the  conclusion  of  the 
experiments,  the  wire  to  be  measured  was  uncoiled  in  the  Museum 
at  King's  College  and  lay  in  awkward  bends  on  the  planked  floor. 
The  straight  planks  formed  an  obvious  contrast  to  the  crooked 
wire,  and  a  joint  between  the  planks  was  found  where  the  opening 
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was  just  sufficient  to  hold  the  wire  when  pushed  into  this  little 
groove.  Held  in  this  way,  the  wire  when  measured  was  quite 
straight,  and  yet  was  never  stretched. 

No  other  measurements  than  those  already  described  are  re- 
quired by  the  simple  theory;  but  this  theory,  as  hitherto  stated, 
stands  in  need  of  various  slight  corrections.  The  currents  induced 
by  the  earth's  magnetism  are  modified  by  the  currents  induced  by 
the  little  suspended  magnet,  and  also  by  the  induction  of  the  coil 
on  itself.  The  force  deflecting  the  magnet  is  also  modified  by  the 
lateral  distance  of  the  coils  from  the  vertical  axis.  An  elaborate 
analysis  of  the  corrections  required  on  these  grounds  was  made  by 
Professor  Maxwell  (Appendix  D),  and  to  allow  of  these  corrections, 
the  moment  of  the  suspended  magnet  was  measured,  and  the 
position  of  every  turn  of  the  copper  coil  carefully  observed.  An 
experimental  determination  of  the  induction  of  the  coil  on  itself, 
by  a  method  due  to  Professor  Maxwell,  agreed  with  the  calculated 
correction  within  one-quarter  per  cent. 

The  resistance  of  the  copper  coil  measured  by  these  laborious 
experiments  varied  each  day,  and  during  each  day,  according  to 
the  temperature;  and,  moreover,  this  temperature  could  at  no 
time  be  determined  with  sufficient  accuracy.  It  was  therefore 
intended  that  at  each  experiment  a  small  German-silver  coil,  at  a 
known  temperature,  should  have  been  prepared  exactly  equal  in 
resistance  to  the  copper  coil  during  that  experiment,  and  these 
small  coils  were  to  have  been  kept  as  permanent  records  of  the 
resistance  of  the  copper  coil  on  each  occasion  ;  but  this  resistance 
was  found  to  vary  so  rapidly  that  the  little  copies  could  not  be 
accurately  adjusted  with  sufficient  rapidity,  and  the  resistance  of 
the  copper  coil  was  therefore  simply  measured  at  the  beginning 
and  end  of  each  experiment,  in  terms  of  an  arbitrary  unit.  This 
proportional  measurement  was  made  with  rapidity  and  precision 
by  a  new  method,  which,  it  is  believed,  is  superior  to  the  usual 
plan  depending  on  the  division  or  calibration  of  a  comparatively 
short  wire  in  the  Wheatstone  balance.  (Appendix  D,  Part  II.) 

One  unforeseen  difficulty  was  caused  by  the  change  of  direction 
of  the  earth's  magnetic  force  during  each  experiment.  Our  method 
is  indeed  independent  of  the  intensity  of  the  earth's  magnetism, 
but  depends  essentially  on  its  direction,  since  it  depends  on  the 
value  of  a  deflection  from  the  magnetic  meridian.  When  this 
source  of  error  was  discovered  by  the  continual  and  gradual  change 
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of  zero  observed,  the  absolute  time  of  each  experiment  was  noted, 
and  a  continuous  correction  obtained  from  the  contemporaneous 
records  at  Kew,  which  agree  closely  with  the  total  changes  observed 
at  the  beginning  and  end  of  each  experiment.  As  the  change  of 
zero  frequently  reached  three  or  four  divisions  in  the  course  of  the 
day,  and  as  the  whole  deflection  seldom  exceeded  300  divisions, 
the  importance  of  this  correction  is  apparent. 

The  presence  of  stationary  masses  of  iron  does  not  affect  the 
experiments  injuriously,  so  long  as  the  uniformity  of  the  magnetic 
field  in  which  the  coil  revolves  is  undisturbed — a  point  carefully 
tested  before  the  experiments  began;  but  a  change  in  the  position 
of  iron  in  the  neighbourhood  during  any  experiment  produces  a 
corresponding  error  in  the  result,  and  the  serious  effect  of  moving 
very  small  masses  of  iron  at  a  great  distance  from  the  coil  was 
only  fully  appreciated  in  the  later  experiments. 

When  it  is  considered  that  the  method  described  is  the  simplest 
known,  the  discrepancy  between  the  few  determinations  hitherto 
made  in  absolute  measurement  will  cause  no  surprise.  The  time, 
labour,  and  money  required  could  hardly  be  expected  to  be  given 
by  any  one  person,  and  in  researches  of  this  kind  the  value  of  the 
co-operation  secured  by  the  committees  of  the  Association  is 
especially  evident. 

The  absolute  unit  of  the  Sub-committee  is  about  eight  per 
cent,  larger  than  the  unit  as  derived  from  a  German-silver  coil 
lately  measured  by  Professor  Weber.  It  is  about  six  and  a  half 
per  cent,  larger  than  the  unit  as  derived  from  a  value  published 
by  Professor  Weber  of  Dr  Siemens's  mercury  units.  It  is  about 
five  per  cent,  smaller  than  the  unit  as  derived  from  coils  issued 
by  Professor  Thomson  in  1858,  based  on  Jacobi's  standard  and  a 
previous  determination  by  Professor  Weber.  It  is  about  five  per 
cent,  smaller  than  Thomson's  determination  from  Joule's  silver 
wire.  It  agrees  most  closely  with  an  old  determination  of  a  copper 
standard  made  by  Weber  for  Professor  Thomson,  which  it  exceeds 
by  only  a  very  small  fraction. 

The  experiments  of  the  Sub-committee  agree  much  better  than 
the  above,  one  with  another.  Owing  to  the  gradual  improvement 
in  the  method  and  apparatus,  the  experiments  of  the  last  three 
days  are  alone  considered  satisfactory.  On  the  first  day  the 
maximum  deviation  in  six  distinct  experiments  from  their  mean 
result  was  2'4  per  cent.  On  theK  second  day  the  maximum 
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deviation  in  four  experiments  from  their  mean  was  1*3  per  cent. 
On  the  third  day  the  maximum  deviation  in  five  experiments 
from  their  mean  was  1*15  per  cent.  The  maximum  deviation  in 
the  means  of  the  three  days'  experiments  from  the  mean  of  the 
whole  is  only  four-tenths  per  cent. 

These  results  are  not  unsatisfactory,  and  are  perhaps  more 
accurate  than  any  measurement  yet  made  of  the  relative  values  of 
heat  and  work — a  measurement  corresponding  to  a  great  extent 
in  its  nature  with  that  undertaken  by  the  Committee.  Never- 
theless, considering  the  discrepancy  of  the  various  independent 
results,  the  Committee  are  of  opinion  that  it  is  essential  that 
the  results  of  the  Sub-committee  should  be  checked  by  a  fresh 
series  of  experiments  with  a  new  coil  in  a  distinct  place,  when 
every  separate  measurement  will  necessarily  be  repeated.  The 
Sub-committee  especially  urge  the  repetition  of  the  experiments, 
as  with  the  improvements  already  enumerated,  and  other  minor 
alterations,  they  confidently  expect  a  considerably  closer  approxi- 
mation to  the  absolute  unit  than  they  have  hitherto  obtained. 
It  will  be  well  here  to  remark  that,  according  to  the  resolution  of 
the  Committee  of  1861,  the  coils,  when  issued,  will  not  be  called 
absolute  units,  but  the  units  of  the  British  Association ;  so  that 
any  subsequent  improvement  in  experimental  absolute  measure- 
ment will  not  entail  a  change  in  the  standard,  but  only  a  trifling 
correction  in  those  calculations  which  involve  the  correlation  of 
the  physical  forces. 

It  is  now  time  to  leave  the  question  of  absolute  measurement 
and  pass  to  some  of  the  other  points  under  the  consideration  of 
the  Committee.  Dr  Matthiessen  has,  by  careful  experiment, 
proved  the  permanence  for  a  year  at  least  of  the  electrical  resist- 
ance of  certain  wires;  but  he  has  detected  a  change  in  others,  due, 
apparently,  to  the  influence  of  time.  Certain  specimens  of  silver, 
gold,  and  copper  have  varied;  but  other  specimens  of  the  same 
metals  have  remained  constant.  All  the  specimens  of  platinum 
and  gold-silver  alloy  have  remained  constant,  and  all  the  specimens 
of  German-silver  have  changed  considerably.  It  is  proposed  to 
continue  and  extend  these  experiments,  and  it  is  much  to  be 
hoped  that  the  defect  observed  in  the  German-silver  tested  will 
not  be  found  common  to  all  the  varieties  of  this  alloy,  in  other 
respects  so  well  adapted  for  the  construction  of  resistance-coils. 
Dr  Matthiessen  found  no  difference  in  the  resistance  of  wires  of 
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any  of  the  above  metals  before  and  after  the  passage  of  a  powerful 
current  transmitted  through  them  continually  for  a  fortnight. 
The  details  of  these  experiments  are  given  in  Appendix  A. 
Dr  Matthiessen  has  also  continued  his  experiments  with  the 
object  of  finding  an  alloy  with  a  minimum  variation  of  resistance 
due  to  change  of  temperature,  but  has  been  unable  to  produce 
a  wire  superior  in  this  respect  to  the  silver-platinum  alloy  men- 
tioned in  Appendix  A  of  the  Report  of  last  year,  as  decreasing  in 
conducting  power  31  per  cent,  between  0°  and  100°  Centigrade. 
German-silver  was  found  to  decrease  under  the  same  circumstances 
4*4  per  cent. 

The  valuable  experiments  by  Mr  Sabine,  for  Dr  Werner 
Siemens  of  Berlin,  on  the  reproduction  of  standards  by  means  of 
mercury,  although  not  undertaken  for  the  Committee,  yet  bear 
so  directly  on  the  subject  before  them  that  the  results  cannot  be 
allowed  to  pass  unmentioned.  Dr  Siemens  has  conclusively  proved 
that  he  can,  in  his  laboratory,  reproduce  a  standard  by  means  of 
mercury  with  an  error  of  less  than  0'05  per  cent.  This  admirable 
result,  while  it  seriously  affects  the  question  of  the  best  material 
for  the  construction  and  reproduction  of  the  standard,  leaves,  of 
course,  the  question  of  the  best  magnitude  for  the  standard  quite 
untouched.  Dr  Matthiessen  thinks  that  several  of  the  solid  metals 
are  equally  fitted  for  the  purposes  of  reproduction,  and,  if  aided 
by  the  Association,  is  disposed  to  put  his  conviction  to  experi- 
mental proof.  It  is  especially  desirable  that  the  various  methods 
proposed  should  be  tested  by  the  concordance  of  the  results  obtained 
from  a  number  of  independent  observers. 

With  reference  to  the  construction  of  the  material  standard,  it 
is  proposed  that  the  British- Association  unit  shall  be  represented 
by  several  equal  standards  made  of  the  different  metals,  which,  so 
far  as  our  limited  experience  goes,  show  the  greatest  signs  of 
constancy.  Two  at  least  of  those  standards  would  be  made  of 
mercury,  in  the  manner  proposed  by  Dr  Siemens.  The  permanent 
agreement  between  several  of  these  standards  would  afford  the 
strongest  possible  proof  of  their  constancy. 

Passing  to  other  electrical  measurements,  the  Committee  have 
to  report  that  Professor  W.  Thomson  has  successfully  constructed 
a  material  standard  gauge  by  which  electromotive  force  or  differ- 
ence of  potentials  can  be  directly  measured.  This  instrument  is 
founded  on  a  measurement  of  the  electrical  attraction  exerted  on 
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a  small  movable  portion  of  a  large  conducting-plane  by  another 
large  parallel  plane  fixed  at  a  constant  distance,  and  electrified  to 
a  different  potential.  The  force  exerted  is  ultimately  measured 
by  the  torsion  of  a  platinum  wire;  but  the  difference  of  potential 
corresponding  to  any  one  gauge  is  simply  indicated  by  the  motion 
of  an  index  to  a  sighted  position.  If  the  planes  are  brought 
sufficiently  close,  with  a  given  torsion  in  the  platinum  wire,  the 
movable  piece  will  be  in  a  condition  of  unstable  equilibrium  when 
its  index  is  in  the  sighted  position,  but  if  moved  to  a  greater 
distance  the  equilibrium  will  be  stable ;  hence,  by  a  correct  choice 
of  the  distance  between  the  two  planes,  or  initial  torsion  in  the 
platinum  wire,  as  compared  with  the  difference  of  potential  to  be 
measured,  any  required  delicacy  of  indication  is  obtained.  The 
constancy  of  the  gauge,  like  that  of  all  standards,  depends  simply 
on  the  constancy  of  the  materials  of  which  it  is  constructed,  and 
there  is  no  reason  to  apprehend  any  special  difficulty  in  the 
present  case. 

Professor  Thomson  has  also  on  the  same  principle  constructed 
an  electrometer  in  which  the  distance  between  the  parallel  planes 
is  made  variable,  and  is  adjusted  by  a  micrometer-screw.  The 
plane  conductor,  of  which  the  small  movable  index  forms  part,  is 
in  this  instrument  permanently  maintained  at  a  high  potential 
by  connexion  with  the  inner  coating  of  a  Leyden  jar,  and  the 
other  plane  is  connected  with  the  body  to  be  tested.  Calculation, 
confirmed  by  experiment,  shows  that  in  these  instruments  the 
difference  of  potentials  between  any  two  bodies,  successively  tested, 
is  directly  proportional  to  the  difference  of  the  distances  between 
the  parallel  planes  required  in  each  case  to  bring  the  index  to  its 
sighted  position.  This  difference  of  distance  is  the  same  whatever 
be  the  charge  of  the  Leyden  jar,  provided  only  it  remains  constant 
during  the  comparison  of  the  two  bodies.  With  this  limitation, 
the  indications  of  the  instrument  may  be  called  independent  of 
the  charge  of  the  Leyden  jar.  There  can  be  little  doubt  that 
gauges  of  electromotive  force  and  electrometers,  fulfilling  the  above 
conditions,  will  shortly  become  as  necessary  to  all  practical  elec- 
tricians as  standards  of  resistance  and  sets  of  resistance-coils. 

No  progress  has  been  made  in  the  measurement  of  currents, 
and  much  remains  to  be  done  in  this  respect.  The  method  already 
described,  depending  on  the  use  of  a  tangent  galvanometer,  requires 
a  knowledge  of  the  horizontal  force  of  the  earth's  magnetism, 
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and  is,  therefore,  in  most  cases  beyond  the  reach  of  observers  where 
greater  accuracy  is  required  than  can  be  obtained  by  taking  their 
value  from  the  scientific  almanacs.  Next  year  it  is  hoped  that 
this  want  may  be  remedied;  and  the  present  Report  may  fitly 
conclude  by  the  enumeration  of  objects  to  be  pursued  by  the 
Committee,  if  reappointed  at  the  present  Meeting: — 

1st.  The  experiments  on  the  determination  of  the  absolute 
unit  of  resistance  will  be  continued. 

2nd.  Immediately  on  the  conclusion  of  these  experiments, 
equal  standards,  constructed  of  such  metals  as  promise  the  greatest 
constancy,  will  be  deposited  at  Kew,  where  the  permanence  of 
their  equality  will  be  rigorously  tested. 

3rd.  Unit  resistance-coils  of  the  best  known  construction  will 
be  issued  to  the  public. 

4th.  The  experiments  already  begun  on  the  permanence  of 
the  electrical  resistance  of  wires  and  alloys  under  various  circum- 
stances will  be  continued  and  extended. 

5th.  The  experiments  on  the  reproduction  of  standards  by 
chemical  means  will  be  continued. 

6th.  Experiments  on  the  best  construction  of  gauges  of  electro- 
motive force  or  difference  of  potential,  and  on  electrometers,  will 
be  continued. 

7th.  A  standard  galvanometer,  for  the  measurement  of 
currents  in  absolute  measure,  will  be  constructed,  and  electro- 
dynamometers  for  the  same  purpose  compared  with  the  standard 
instrument,  and  issued  to  the  public. 

8th.  Experiments  on  the  ratio  between  the  electrostatic  units 
and  the  electro-magnetic  units  will  be  undertaken. 

9th.  Experiments  will  be  made  on  the  development  of  heat  in 
conductors  of  known  absolute  resistance  with  currents  of  known 
absolute  magnitude.  The  results  of  these  experiments  will  give,  by 
equation  (3),  a  new  and  very  accurate  determination  of  the  mechani- 
cal value  of  the  unit  of  heat. 

The  conclusion  of  the  experiments  on  absolute  resistance,  and 
the  adoption  of  the  absolute  system  as  the  basis  of  all  electrical 
measurement,  will,  it  is  hoped,  allow  considerable  progress  to  be 
made  in  most  of  these  researches. 
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APPENDIX  A. — On  the  Electrical  Permanency  of  Metals 
and  Alloys.    By  A.  MATTHIESSEN,  F.R.S. 

The  following  are  the  results  obtained  with  the  metals  and 
alloys  described  in  Appendix  B  of  the  First  Report  on  Standards 
of  Electrical  Resistance  by  your  Committee : — 

The  wires  to  be  experimented  on  were : — 

1.  Silver:  hard-drawn    .  ...1   _ 

0.,  V  Cut  from  the  same  piece  :  pure. 

2.  Silver:  annealed         ...         ...J 

3.  Silver:  hard-drawn |  Cut  from  the  same  piece,  but  different 

4.  Silver:  annealed         J       from  1  and  2;   pure. 

5.  Copper:  hard-drawn...         ...1    ~ 

V  Cut  from  the  same  piece :  pure. 

6.  Copper:  annealed      J 

7.  Copper:  hard-drawn \  Cut  from  the  same  piece,  but  different 

8.  Copper:  annealed      J       from  5  and  6;   pure. 

9.  Gold:  hard-drawn  ...)  „ 

>  Cut  from  the  same  piece :  pure. 

10.  Gold:  annealed          J 

11.  Gold:  hard-drawn      'I  Cut  from  the  same  piece,  but  different 

12.  Gold:  annealed          »..         ...J       from  9  and  10;   pure. 

13.  Platinum:  hard-drawn          ...1    «,   . 

Y  Cut  from  the  same  piece ;  commercial. 

14.  Platinum:  hard-drawn          ...J 

15.  Gold-silver  alloy :  hard-drawnl  Cut  from  the  same  piece.   Made  by  Messrs 

16.  Gold-silver  alloy  :  hard-drawn/      Johnson  and  Matthey. 

/  Cut  from  the  same  piece.     No.   19  ar- 
l/.    German-silver:  annealed      ... 

ranged    with    longer    connectors,   and 

18.  German-silver:  annealed      ...-<  .      .         ..,       ,  .  ,    ,, 

used  as  normal  wire  with  which  the 

19.  German-silver:  annealed      ...  •, 

\      rest  were  compared. 


These  were  first  tested  on  May  9th,  1862,  and  at  intervals 
between  that  date  and  June  14th,  1863,  when  they  were  last 
tested.  During  the  time  when  not  used,  they  were  hung  up 
in  a  room  where  in  the  winter  a  fire  was  kept  all  day,  so  that  the 
temperature  may  have  varied  at  times  some  10  or  12  degrees  in 
the  twenty-four  hours. 

The  following  Table  contains  the  results  of  the  first  and  last 
comparisons.  I  have  taken  the  conducting  power  in  the  first  in 
all  cases  equal  to  100  as  compared  with  No.  19;  in  the  last  I  have 
assumed  that  the  conducting  power  of  No.  15  has  remained 
unaltered : — 
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Conducting  powers  found,  as 
compared  with  No.  19  =  100 

Conducting 
power  found,  as 
compared  with 
No.  15  =  100 

1 

2 

3 

May  9, 
1862 

T. 

June  14, 
1863 

T. 

June  14, 
1863 

T. 

100*00 
100*00 
100*00 
100*00 
100*00 
100*00 
100*00 
100*00 

100-00 

100*00 
100*00 

100-00 
100-00 
100-00 

100*00 

100-00 

100*00 
100*00 

20*2 
20-2 
20*2 
20*2 
20*1 
20*1 
20*0 
20*0 
20*0 
20-0 
20-0 
20-0 
20-0 
20*0 
20*0 
19*9 
20-3 
20-3 

103-700 
99-740 
102*590 
99-825 
100-040 
99-807 
99-941 
.95-358 
99-838 
99-855 
99-662 
99-670 
99-744 
99-792 
99-793 
99-756 
99*955 
99-938 

20-0 
20-1 
20-2 
20*0 
20*2 
20-0 
19-8 
20-4 
20-2 
20-0 
20-2 
20-3 
20-2 
20-2 
20-2 
20-3 
20-0 
20*0 

103-915 
99-947 
102-807 
100-031 
100-248 
100-015 
100-149 
95-556 
100-045 
100-062 
99-869 
99-877 
99-951 
99-999 
100*000 
99-963 
100-162 
100-145 
100-217 

20-0 
20-1 
20-2 
20-0 
20-2 
20-0 
19-8 
20-4 
20-2 
20-0 
20-2 
20-3 
20-2 
20-2 
20-2 
20-3 
20-0 
20-0 
20-2 

3    Silver  '  hard-drawn                 . 

5    Copper*  hnrd-drawn     

Q    Copper*  annealed         

9    Gold  *  hard-drawn                 . 

10    Gold*  annealed              

11     Gold*  hard-drawn  

12    Gold  *  annealed         

13    Platinum*  hard-drawn  

14    Platinum  *  hard-drawn         . 

15.   Gold-silver  alloy  :  hard-drawn 
16.   Gold-silver  alloy  :  hard-drawn 
17    German-silver*  annealed  

18.   German-silver:  annealed  

From  the  above  it  would  appear  that  if  the  conducting  power 
of  No.  19  has  remained  constant,  that  of  all  the  others  has  altered; 
but  supposing  such  to  be  the  case,  it  will  be  found  on  comparing 
the  values  that  the  conducting  powers  have  all  altered  in  a  like 
extent.  Is  it  probable  ?  Is  it  not  more  probable  that  the  con- 
ducting power  of  the  German-silver  has  changed,  than  that  that  of 
all  the  others  should  have  altered  in  the  same  degree  ?  If  that  of 
the  gold-silver  alloy  (No.  15)  be  called  lOO'OO  instead  of  99793, 
then,  as  will  be  seen  from  column  3,  very  few  show  any  change  in 
their  conducting  power.  Those  which  show  no  sensible  change  are 
as  follows : — 


No.  2. 
No.  4. 
No.  6. 
No.  9. 
No.  10. 
No.  13. 
No.  14. 


Silver:  annealed... 
Silver:  annealed... 
Copper:  annealed 
Gold:  hard-drawn 
Gold:  annealed   ... 
Platinum:  hard-drawn 
Platinum:  hard-drawn 


Values  taken  from  column  3 

99-947 

100*031 

100-015 

100-045 

100-062 

99-951 

99-999 


No.  15.   Gold- silver  alloy :  hard-drawn  ...    100*000 
No.  16.   Gold-silver  alloy:  hard-drawn  ...     99-963 
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The  differences  in  the  above  are  probably  due  to  temperature; 
for  as  the  wires  are  in  tubes  filled  with  carbonic-acid  gas,  we  can  never 
be  absolutely  sure  that  the  wire  has  exactly  the  same  temperature 
as  the  bath.  In  properly  made  resistance-coils  this  source  of  error 
is  materially  diminished,  and  in  some  experiments  which  are  about 
to  be  made  to  further  test  the  electrical  permanency  of  metals 
and  alloys  this  source  of  error  will  be  almost  entirely  obviated. 
It  may  be  here  again  mentioned,  that  the  reason  for  placing  the 
wires  in  glass  tubes  filled  with  carbonic-acid  gas  was  to  obviate 
the  oxidation  of  the  metal  or  alloy  by  the  oxygen  of  the  air,  or 
from  the  acids  produced  by  the  oxidation  of  the  oil  or  fat  with 
which  the  wires  are  covered  when  drawn,  as  the  holes  in  the 
draw-plates  are  generally  oiled  or  greased. 

Those  whose  conducting  powers  have  changed  are  as  follows: — 

Values  taken  from  column  3 
No.    1.    Silver:  hard-drawn  103'915 


No.    3.  Silver:  hard- drawn 

No.    5.  Copper:  hard-drawn 

No.    7.  Copper:  hard-drawn 

No.    8.  Copper:  annealed 

No.  11.  Gold:  hard-drawn 

No.  12.  Gold:  annealed    ... 

No.  17.  German-silver:  annealed 

No.  18.  German-silver:  annealed 

No.  19.  German-silver:  annealed 


102-807 

100-248 

100-149 

95-556 

99-869 

99-877 

100-162 

100-145 

100-217 


The  cause  of  the  change  in  the  conducting  powers  of  the  alloys 
Nos.  1,  3,  5,  7  is  undoubtedly  due  to  their  becoming  somewhat 
annealed  by  age*.  With  No.  8  the  alteration  may  be  attributed  to 
faulty  soldering.  That  the  conducting  power  of  the  German-silver 
experimented  with  has  altered  is  not  a  proof  that  all  German-silver 
will  do  so;  for  we  find  the  gold  wires  Nos.  9  and  10  not  altered, 
but  Nos.  11  and  12  (which  were  cut  from  the  same  piece,  but  a 
different  one  from  the  one  from  which  Nos.  9  and  10  were  taken) 
have  altered.  Further  experiments  are,  however,  required  to  find 
whether  the  metals  and  alloys  given  above  as  constant  in  their 
conducting  power  are  so  or  not. 

Schroder  van  der  Kolk  states  f  that  the  conducting  power  of 
copper  wire  undergoes  a  change  when  even  weak  currents  are 
allowed  to  pass  through  it.  In  order  to  see  whether  that  of  the 

*  Supra,  p.  23 ;  and  Brit.  Assoc.  Report,  1862,  p.  140. 
t  Pogg.  Ann.  vol.  ex.  p.  452. 
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above  wires  would  suffer  any  change,  the  following  experiment 
was  arranged:— Nos.  1,  2,  5,  6,  9,  10,  13,  15,  17  were  connected 
together,  and  a  current  from  two  Bunsen's  cells  was  allowed  to 
pass  through  day  and  night  for  six  days.  The  cells  were  cleaned 
every  morning  and  evening,  and  the  dilute  sulphuric  acid  renewed. 
The  experiment  was  carried  out  soon  after  June  14, 1863.  In  the 
subjoined  Table  the  conducting  powers  are  given  as  found  before 
and  after  the  trial,  compared  with  No.  19. 

Conducting  power  observed,  as  compared 
with  No.  19  =  100 

Before        T.  After  T. 

No.    1  ..        .  103-700  20-0  103-775  20'2 

No.    2 99-740  20'1  99'733  20'2 

No.  5 100-040  20-2  100-045  20'2 

No.  6 99-807  20'0  99'865  20'0 

No.  9 99-838  20*2  99-860  20'2 

No.  10 99-855  20'0  99'807  20'2 

No.  13 99-744  20'2  99'766  20'2 

No.  15. -99-793  20-2  99*762  20-2 

No.  17 99-955  20'0  99'926  20'2 

From  the  above  numbers  it  will  be  seen  that  the  conducting 
power  has  not  changed,  the  differences  in  the  values  being  in  all 
probability  due,  as  above  stated,  to  temperature. 

If  the  passage  of  a  current  really  altered  the  conducting  power 
of  a  wire,  then  of  what  use  would  resistance-coils  be  ?  The  above 
experiments  prove  that  a  much  stronger  current  than  is  used  for 
testing  the  resistance  of  a  wire  has  no  effect  on  it. 


APPENDIX   B. — On  the  Variation  of  the   Electric   Resistance   of 
Alloys  due  to  Change  of  Temperature.    By  A.  MATTHIESSEN,  F.R.S. 

In  the  Appendix  to  the  Report  of  your  Committee  read  at  the 
Meeting  held  last  year,  I  gave  a  Table  containing  the  results  of 
experiments  with  some  alloys,  made  with  a  view  to  find  out  the 
alloy  whose  conducting  power  decreases  least  with  an  increase  of 
temperature.  With  the  same  apparatus,  etc.,  I  have,  in  conjunction 
with  Dr  C.  Vogt,  experimented  with  the  following  alloys. 

(With  each  series  the  formula  deduced  from  the  observations 
for  the  correction  of  the  conducting  power  for  temperature  is 
given,  where  \  is  equal  to  the  conducting  power  at  the  tempera- 
ture t°  C.  Silver  (hard-drawn)  is  taken  at  0°  =  100.) 
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Composition  of  alloy  by  weight. 

(1)  Gold  95-3 

Iron  4-7 

Made  from  pure  metals. 

Hard-drawn. 


Length  226  mm. ;  diameter  0*470  mm. 

T.  Conducting  power 
12-0  2-3573 

56-0  2-3138 

100-0  2-2798 


X  =  2-3708 -0-001 1555* +0-000002454*2. 


(2) 


Gold 
Iron 
Hard-drawn. 


95-0 
5-0 


Length  284  mm.;  diameter  1*217  mm. 

T.  Conducting  power 
15-0  2-0819 

57'5  2-0424 

100-0  2-0067 

X  =  2-0967  -  0-0010057*  +  0*000001052*2. 


No.  2  and  the  two  following  alloys  were  made  by  Messrs  Johnson 
and  Matthey.  No.  2  was  made  to  check  the  results  obtained  with 
No.  1,  for  those  given  with  Nos.  3  and  4  appeared  to  show  that 
some  mistake  had  been  made  with  No.  1.  That  this  was  not  the 
case  is  proved  by  No.  2.  It  is,  however,  a  very  curious  fact  that 
the  percentage  decrement  increases  in  this  manner,  for  in  no  other 
series  of  alloys  has  this  behaviour  been  noticed.  Its  cause  may  be 
attributed  to  the  existence  of  chemical  combinations  in  the  solid 
alloys  of  gold  and  iron. 

Nos.  3  and  4  are  very  brittle,  and  therefore  difficult  to  draw. 


(3) 


Gold 
Iron 
Hard-drawn. 


90-0 
10-0 


Length  184  mm.;  diameter  0'943  mm. 
T.  Conducting  power 

14-0  1-9822 

57*0  1-7951 

100-0  1-7010 

X  =  2-0632  -  0-0061367*  +  OO0002513*2. 


(4) 


Gold 
Iron 
Hard-drawn. 


85-0 
15-0 


Length  145  mm.;  diameter  0'758  mm. 
T.  Conducting  power 

15*0  2*6239 

57*5  2*2732 

100*0  1-9926 

X  =  2-7645- 0-0096586* +0-00001940*2. 


(5)         Silver 75-0 

Palladium        ...     25'0 
Made   by   Messrs    Johnson 

and  Matthey. 
Hard-drawn. 


Length  520  mm. ;  diameter  0'802  mm. 
T.  Conducting  power 

11*0  8*4846 

55*5  8*3577 


100*0 


8-2256 


X  =  8*5152  -  0-0027644*  -  0'000001313*2. 


This  alloy  was  formerly  used  by  dentists  on  account  of  its 
elasticity.  It  was  tested,  as  it  appeared  to  answer  some  of  the 
conditions  required. 

6—2 
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Composition  of  alloy  by  weight. 

(6)        Copper 63 '3 

Zinc      367 

Made  from  pure  metals. 

Hard -drawn. 


Length  296'6  mm. ;  diameter  0'576  mm. 


T. 

15-72 
23-75 
39-28 
54-38 
69-31 
84-63 
99-43 


Conducting  power 
21-807 
21-562 
21-116 
20-693 
20-300 
19-897 
19-327 


(7)        Copper 75-0 

Zinc       25-0 

Made  from  pure  metals. 
Hard -drawn. 


X  «=  22-274  -  0-030601*  +  0-00002980*2. 

Length  190  mm.;  diameter  0'381  mm. 

T.  Conducting  power 
13-47  21704 

24-07  21-413 

39-21  21-020 

53-65  20-647 

69-03  20-268 

83-71  19-915 

98-97  19-565 

X  =  22-076  -  0-028100* + G'00002945*2. 

These  alloys  are  given,  as  they  approach  in  composition  to  that 
of  brass.  It  seemed  very  desirable  to  test  the  influence  of  tem- 
perature on  the  alloy,  as  it  was  proposed  by  Jacobi  as  a  unit  of 

electric  resistance. 

Length  322'5  mm.;  diameter  0'524  mm. 
T.  Conducting  power 


(8)        Copper 90-3 

Tin        9-7 

Made  from  pure  metals. 
Hard-drawn. 


15-43  12-058 

23-40  11-990 

40-35  11-852 

54-75  11-737 

69-78  11-619 

84-66  11-499 

98-70  11-391 
12-186  -  0-0084168*  +  0-000003700*2. 


(9)        Copper 897 

Tin        10-3 

Made  from  pure  metals. 
Hard-drawn. 


Length  429  mm.;  diameter  0*627  mm. 
T.  Conducting  power 

ll'O  10-1386 

55-5  9-8710 

100-0  9-6526 

X- 10-212- 0-0068043* -f  0-00001210*2. 


These  alloys  are  given,  as  they  approach  in  composition  to  that 
of  ordinary  gun-metal. 

Length  904-5  mm.;  diameter  0*650  mm. 

T.  Conducting  power 

13-0  26-336 

56-5  24-056 

100-0  22-121 


(10)      Gun-metal  (Austrian). 
Copper. 
Zinc. 
Iron. 

A  specimen  obtained  through 
the  kindness  of  Mr  F.  Abel. 
Hard-drawn. 


X  =  27  '084  -  0-058750* +0-000091 1 6*2. 
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(11)       Proof  gold. 
Hard-drawn. 


(12)       Standard  silver. 
Hard-drawn. 


The  conducting  power  of  this  alloy  increased  by  heating  to 
100°  for  one  day  5'7  per  cent. — a  larger  increment  than  has  been 
observed  with  any  alloy.  Generally,  the  conducting  power  of  an 
alloy  either  remains  constant,  or  only  varies  O'l  or  0*2  per  cent, 
under  the  same  conditions. 

Length  1564  mm.;  diameter  0'525  mm. 
T.  Conducting  power 

15-0  68-969 

57-5  60-179 

100-0  53-387 

72-548-0*24692;+0*0005531*2. 

Length  2328  mm.;  diameter  0*525  mm. 
T.  Conducting  power 

12-0  78-015 

56-0  69-301 

100-0  61-949 

X  =  80-628  -  0-221 96*  +  OO003518*2. 

In  the  following  Table  I  have  given  the  results  here  obtained, 
with  those  of  last  year,  in  such  a  manner  that  they  may  be  easily 
compared: — 


Conducting 
power 
atO° 


Percentage 

decrement  in 

conducting  power 

between  0°  &  100° 


Pure  iron*  16'81 

Pure  thallium*  9'16 

Other  pure  metals  in  a  solid  state  

Gold,  with  15  p.c.  iron  2'76 

Proofgold    72-55 

Standard  silver   80*63 

Gun-metal  (Austrian)    27'08 

Gold,  with  10  p.c.  iron  2*06 

Gold,  with  14-3  p.c.  silver  and  7'4  p.c.  copper...  44'47 

Copper,  with  36'7  p.c.  zinc    j  22-27 

Copper,  with  25  p.c.  zinc  I  22-08 

Silver,  with  5  p.c.  platinum*    31*64 

Silver,  with  9'8  p.c.  platinum* 18-04 

Copper,  with  9-7  p.c.  tin    12'19 

The  gold-silver  alloy*    15'03 

Platinum,  with  33'4  p.c.  iridium  4-54 

Copper,  with  10'3  p.c.  tin 10*21 

Gold,  with  18-1  p.c.  silver  and  15*4  p.c.  copper*  10'6 

Gold,  with  15-2  p.c.  silver  and  26'5  p.c.  copper*  j  12*02 

German-silver*  j  7*80 

Gold,  with  5  p.c.  iron 2*10 

Gold,  with  4-7  p.c.  iron 2'37 

Silver,  with  25  p.c.  palladium  8*52 

Silver,  with  33'4  p.c.  platinum  t  6'70 


39-2 

31-4 

29-3 

27-9 

26-4 

23-2 

18*3 

17-5 

15-5 

12-4 

11-5 

11-3 

7*1 

6-6 

6-5 

5-9 

5-2 

5-2 

4-8 

4*4 

4*3 

3-8 

3-4 

3*1 


Proc.  Roy.  Soc.  xn.  p.  472  (1863).       f  Supra,  p.  20 ;  and  Brit.  Assoc.  Report,  1862,  p.  137. 
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It  will  be  observed  that  I  have  not  yet  been  able  to  find  an 
alloy  whose  conducting  power  decreases  between  0°  and  100°  less 
than  that  of  the  alloy  of  silver  with  33'4  p.c.  platinum ;  and  from 
results  obtained  in  this  direction  in  conjunction  with  Dr  Vogt,  I 
am  of  opinion  there  will  be  great  difficulty  in  doing  so.  We  have 
already  tested  upwards  of  100  alloys,  and  it  is  curious  how  few  we 
have  found  whose  conducting  power  varies  less  than  that  of  German- 
silver  between  0°  and  100°. 


APPENDIX  C. On   the   Elementary  Relations   between   Electrical 

Measurements.      By    Professor    J.    CLERK    MAXWELL     and 
Mr  FLEEMING  JENKIN. 
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PART  I. — INTRODUCTORY. 

1.  Objects  of  Treatise.— The  progress  and  extension  of  the 
electric  telegraph  has  made  a  practical  knowledge  of  electric  and 
magnetic  phenomena  necessary  to  a  large  number  of  persons  who 
are  more  or  less  occupied  in  the  construction  and  working  of  the 
lines,  and  interesting  to  many  others  who  are  unwilling  to  be 
ignorant  of  the  use  of  the  network  of  wires  which  surrounds  them. 
The  discoveries  of  Volta  and  Galvani,  of  Oersted,  and  of  Faraday 
are  familiar  in  the  mouths  of  all  who  talk  of  science,  while  the 
results  of  those  discoveries  are  the  foundation  of  branches  of 
industry  conducted  by  many  who  have  perhaps  never  heard  of  those 
illustrious  names.  Between  the  student's  mere  knowledge  of  the 
history  of  discovery  and  the  workman's  practical  familiarity  with 
particular  operations  which  can  only  be  communicated  to  others 
by  direct  imitation,  we  are  in  want  of  a  set  of  rules,  or  rather 
principles,  by  which  the  laws  remembered  in  their  abstract  form 
can  be  applied  to  estimate  the  forces  required  to  effect  any  given 
practical  result. 

We  may  be  called  on  to  construct  electrical  apparatus  for  a 
particular  purpose.  In  order  to  know  how  many  cells  are  required 
for  the  battery,  and  of  what  size  they  should  be,  we  require  to 
know  the  strength  of  current  required,  the  electromotive  force  of 
the  cells,  and  the  resistance  of  the  circuit.  If  we  know  the  results 
of  previous  scientific  enquiry,  and  are  acquainted  with  the  method 
of  adapting  them  to  the  case  before  us,  we  may  discover  the 
proper  arrangement  at  once.  If  we  are  unable  to  make  any 
estimate  of  what  is  required  before  constructing  the  apparatus,  we 
may  have  to  encounter  numerous  failures  which  might  have  been 
avoided  if  we  had  known  how  to  make  a  proper  use  of  existing 
data. 

All  exact  knowledge  is  founded  on  the  comparison  of  one 
quantity  with  another.  In  many  experimental  researches  con- 
ducted by  single  individuals,  the  absolute  values  of  those  quantities 
are  of  no  importance;  but  whenever  many  persons  are  to  act 
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together,  it  is  necessary  that  they  should  have  a  common  under- 
standing of  the  measures  to  be  employed.  The  object  of  the 
present  treatise  is  to  assist  in  attaining  this  common  understand- 
ing as  to  electrical  measurements. 

2.  Derivation  of  Units  from  fundamental  Standards. — Every 
distinct  kind  of  quantity  requires  a  standard  of  its  own,  and  these 
standards  might  be  chosen  quite  independently  of  each  other,  and 
in  many  cases  have  been  so  chosen ;  but  it  is  possible  to  deduce  all 
standards  of  quantity  from  the  fundamental  standards  adopted  for 
length,  time,  and  mass;  and  it  is  of  great  scientific  and  practical 
importance  to  deduce  them  from  these  standards  in  a  systematic 
manner.  Thus  it  is  easy  to  understand  what  a  square  foot  is  when 
we  know  what  a  linear  foot  is,  or  to  find  the  number  of  cubic  feet 
in  a  room  from  its  length,  breadth,  and  height;  because  the  foot, 
the  square  foot,  and  the  cubic  foot  are  parts  of  the  same  system  of 
units.  But  the  pint,  gallon,  etc.  form  another  set  of  measures  of 
volume  which  has  been  formed  without  reference  to  the  system 
based  on  length ;  and  in  order  to  reduce  the  one  set  of  numbers  to 
the  other,  we  have  to  multiply  by  a  troublesome  fraction,  difficult 
to  remember,  and  therefore  a  fruitful  source  of  error. 

The  varieties  of  weights  and  measures  which  formerly  prevailed 
in  this  country,  when  different  measures  were  adopted  for  different 
kinds  of  goods,  may  be  taken  as  an  example  of  the  principle  of 
unsystematized  standards,  while  the  modern  French  system,  in 
which  every  thing  is  derived  from  the  elementary  standards, 
exhibits  the  simplicity  of  the  systematic  arrangement. 

In  the  opinion  of  the  most  practical  and  the  most  scientific 
men,  a  system  in  which  every  unit  is  derived  from  the  primary 
units  with  decimal  subdivisions  is  the  best  whenever  it  can  be 
introduced.  It  is  easily  learnt ;  it  renders  calculation  of  all  kinds 
simpler;  it  is  more  readily  accepted  by  the  world  at  large;  and  it 
bears  the  stamp  of  the  authority,  not  of  this  or  that  legislator 
or  man  of  science,  but  of  nature. 

The  phenomena  by  which  electricity  is  known  to  us  are  of  a 
mechanical  kind,  and  therefore  they  must  be  measured  by  me- 
chanical units  or  standards.  Our  task  is  to  explain  how  these 
units  may  be  derived  from  the  elementary  ones;  in  other  words, 
we  shall  endeavour  to  show  how  all  electric  phenomena  may  be 
measured  in  terms  of  time,  mass,  and  space  only,  referring  briefly 
in  each  case  to  a  practical  method  of  effecting  the  observation. 
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3.  Standard  Mechanical  Units. — In  this  country  the  standard 
of  length  is  one  yard,  but  a  foot  is  the  unit  popularly  adopted. 
In  France  it  is  the  ten  millionth  part  of  the  distance  from  the 
pole  to  the  equator,  measured  along  the  earth's  surface,  according 
to  the  calculations  of  Delambre;  and  this  measure  is  called  a 
metre,  and  is  equal  to  3'280899  feet,  or  39'37079  inches. 

In  the  original  Report  the  metre  was  taken  as  the  fundamental 
unit  of  length;  the  gramme,  or  French  standard  of  weight,  is  not, 
however,  systematically  derived  from  the  metre,  being  the  weight 
not  of  a  cubic  metre,  but  of  a  cubic  centimetre  of  water.  This 
consideration  has  led  several  Members  of  the  Committee  in 
subsequent  writings  to  adopt  the  centimetre  as  the  fundamental 
unit  of  length.  To  facilitate  comparison  with  these  writings, 
constants  based  on  the  centimetre  will  be  given,  besides  those 
for  the  metre. 

The  standard  unit  of  time  in  all  civilized  countries  is  deduced 
from  the  time  of  rotation  of  the  earth  about  its  axis.  The  sidereal 
day,  or  the  true  period  of  rotation  of  the  earth,  can  be  ascertained 
with  great  exactness  by  the  ordinary  observations  of  astronomers; 
and  the  mean  solar  day  can  be  deduced  from  this  by  our  knowledge 
of  the  length  of  the  year.  The  unit  of  time  adopted  in  all  physical 
researches  is  one  second  of  mean  solar  time. 

The  standard  unit  of  mass  is  in  this  country  the  avoirdupois 
pound,  as  we  received  it  from  our  ancestors.  The  grain  is  one 
7000th  of  a  pound.  In  the  French  system  it  is  the  gramme 
derived  from  the  unit  of  length,  by  the  use  of  water  at  a  standard 
temperature  as  a  standard  of  density.  The  weight  of  one  cubic 
centimetre  of  water  is  a  gramme  =  1543235  grains  =  '00220462  Ib. 
A  Table  showing  the  relative  value  of  the  standard  and 
derived  units  in  the  British  and  metrical  system  is  given  in  §  55. 
The  unit  of  force  adopted  in  this  treatise  is  that  force  which 
will  produce  a  unit  of  velocity  in  a  free  unit  mass,  by  acting  on  it 
during  a  unit  of  time.  This  unit  of  force  is  equal  to  the  weight 
of  the  unit  mass  divided  by  g,  where  g  is  the  accelerating  force  of 
gravity,  the  value  of  which,  as  depending  on  the  place  of  obser- 
vation, is  given  in  §  55.  In  this  country  it  is  about  32'2  feet,  or 
981  centimetres. 

A  unit  of  force  still  very  generally  used  is  the  weight  of  the 
standard  mass.  This  is  called  the  gravitation  unit  of  force,  and 
measurements  of  force,  work,  etc.  in  which  it  is  used  are  called 
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gravitation  measurements.  The  gravitation  unit  is  equal  to  the 
absolute  unit  multiplied  by  g. 

The  unit  of  work  adopted  in  this  treatise  is  the  unit  of  force, 
defined  as  above,  acting  through  the  unit  of  space  (vide  §  55). 

4.  Dimensions  of  Derived  Units.  —  The  name  of  every  quantity 
consists  of  two  factors  or  components,  and  may  be  written  thus,  Q[Q]. 

The  first,  or  numerical  factor,  Q,  is  a  number,  integral  or 
fractional.  The  second,  or  denominational  factor,  [Q],  is  the  name 
of  an  individual  thing  of  the  same  kind  as  the  quantity  to  be 
expressed,  the  magnitude  of  which  is  agreed  on  among  men. 
Thus,  in  the  expression  28  lb.,  28  is  the  numerical  part  represented 
by  Q,  and  lb.  is  the  denominational  part  represented  by  [Q]. 
When  Q  is  unity,  then  the  quantity  expressed  is  the  unit,  1[Q], 
or  simply  [Q].  In  the  example  [Q]  is  one  pound  ;  that  is,  a  piece 
of  platinum  preserved  in  the  Exchequer  Chambers,  and  marked 
"P.S.  1844,  1  lb.,"  or  some  copy  of  the  same. 

We  shall  use  the  symbols  [L],  [M],  and  [T]  enclosed  in  square 
brackets  to  denote  the  standards  or  units  of  length,  mass,  and  time; 
and  symbols  without  brackets,  such  as  L,  M,  T,  to  denote  the 
number  of  such  units  in  the  quantity  to  be  expressed.  Thus  if 
[L]  denotes  a  centimetre  and  L  the  number  978,  L  [L]  denotes 
978  centimetres.  Similarly,  if  [I]  denotes  1  foot  and  I  the  number 
32-088,  I  [I]  denotes  32'088  feet. 

Now  these  quantities  express  the  same  distance  measured  in 
two  different  ways,  so  that 


but  1  foot  is  30*479  centimetres,  or 

[I]  =  30-479  [L]. 
Hence  L  =  30-479J; 

or  the  numerical  factor  of  the  expression  of  a  given  quantity  varies 
inversely  as  the  magnitude  of  the  unit  employed. 

In  passing  from  one  system  of  measurements  to  another,  we 
first  consider  the  magnitude  of  the  units  employed  in  the  two 
systems  and  then  determine  the  numerical  factors  so  that  the 
quantity  expressed  may  be  the  same.  Every  measurement  of 
which  we  have  to  speak  involves  as  factors  measurements  of  time, 
space,  and  mass  only;  but  these  measurements  enter  sometimes 
at  one  power  and  sometimes  at  another.  In  passing  from  one 
set  of  fundamental  units  to  another,  and  for  other  purposes,  it 
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is  necessary  to  know  at  what  power  each  of  these  fundamental 
measurements  enters  into  the  derived  measure. 

Thus  the  value  of  a  force  is  directly  proportional  to  a  length 

and  a  mass,  but  inversely  proportional  to  the  square  of  a  time. 

This  is   expressed  by  saying  that  the  dimensions  of  a  force  are 

~r?    ;  in  other  words,  if  we  wish  to  pass  from  the  English  to  the 

French  system  of  measurements,  the  French  unit  of  force  will  be 

•0^28  x  1  5*4S 
to  the  English  as  -      — p-          :  1,  or  as  '506  to  1;  because  there 

are  '0328  feet  in  a  centimetre,  and  15'43  grains  in  a  gramme.  If 
the  metre  be  adopted  as  the  unit  of  length,  the  French  unit  of 
force  will  be  to  the  English  as  50'6  to  1.  If  the  minute  were 
chosen  as  the  unit  of  time,  the  unit  of  force  would,  in  either  system, 
be  -H^G  of  that  founded  on  the  second  as  unit. 

A  Table  of  the  dimensions  of  every  unit  adopted  in  the  present 
treatise  is  given  in  §  55. 


PART  II. — THE  MEASUREMENT  OF  MAGNETIC  PHENOMENA. 

5.  Magnets  and  Magnetic  Poles. — Certain  natural  bodies,  as 
the  iron  ore  called  loadstone,  the  earth  itself,  and  pieces  of  steel 
after  being  subjected  to  certain  treatment,  are  found  to  possess 
the  following  properties,  and  are  called  magnets. 

If  one  of  these  bodies  be  free  to  turn  in  any  direction,  the 
presence  of  another  will  cause  it  to  set  itself  in  a  position  which  is 
conveniently  described  or  defined  by  reference  to  certain  imaginary 
lines  occupying  a  fixed  position  in  the  two  bodies,  and  called  their 
magnetic  axes.  One  object  of  our  magnetic  measurements  will  be 
to  determine  the  force  which  one  magnet  exerts  upon  another. 
It  is  found  by  experiment  that  the  greatest  manifestation  of  force 
exerted  by  one  long  thin  magnet  on  another  occurs  very  near  the 
ends  of  the  two  bars,  and  that  the  two  ends  of  any  one  long  thin 
magnet  possess  opposite  qualities.  This  peculiarity  has  caused 
the  name  of  "poles"  to  be  given  to  the  ends  of  long  magnets;  and 
this  conception  of  a  magnet,  as  having  two  poles  capable  of  exerting 
opposite  forces  joined  by  a  bar  exerting  no  force,  is  so  much  the  most 
familiar  that  we  shall  not  hesitate  to  employ  it,  especially  as  many 
of  the  properties  of  magnets  may  be  correctly  expressed  in  this 
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way;  but  it  must  be  borne  in  mind,  in  speaking  of  poles,  that 
they  do  not  really  exist  as  points  or  centres  of  force  at  the  ends 
of  the  bar,  except  in  the  case  of  long,  infinitely  thin,  uniformly 
magnetized  rods. 

If  we  mark  the  poles  of  any  two  magnets  which  possess  similar 
qualities,  we  find  that  the  two  marked  poles  repel  each  other,  that 
two  unmarked  poles  also  repel  each  other;  but  that  a  marked  and 
an  unmarked  pole  attract  each  other.  The  pole  which  is  repelled 
from  the  northern  regions  of  the  earth  is  called  the  positive  pole  ; 
the  other  end  the  negative  pole.  The  negative  pole  is  generally 
marked  N  by  British  instrument-makers,  and  is  sometimes  called 
the  north  pole  of  the  magnet,  though  it  is  obviously  similar  to 
the  earth's  south  pole. 

The  strength  of  the  pole  is  necessarily  defined  as  proportional 
to  the  force  it  is  capable  of  exerting  on  any  other  pole.  Hence  the 
force  /  exerted  between  two  poles  of  the  strengths  m  and  m,  must 
be  proportional  to  the  product  m  mt  .  The  force  /  is  also  found  to 
be  inversely  proportional  to  the  square  of  the  distance,  D,  sepa- 
rating the  poles,  and  to  depend  on  no  other  quantity;  hence  we 
have,  unless  an  absurd  and  useless  coefficient  be  introduced, 


., 
J       D*  ' 

From  which  equation  it  follows  that  the  unit  pole  will  be  that 
which  at  unit  distance  repels  another  similar  pole  with  unit  force  ; 
/will  be  an  attraction  or  a  repulsion  according  as  the  poles  are 
of  opposite  or  the  same  kinds.  The  dimensions  of  the  unit 

magnetic  pole  are     —  -  —     . 

6.  Magnetic  Field.  —  It  is  clear  that  the  presence  of  a  magnet 
in  some  way  modifies  the  surrounding  space,  since  any  other 
magnet  brought  into  that  space  experiences  a  peculiar  force.  The 
neighbourhood  of  a  magnet  is,  for  convenience,  called  a  magnetic 
field;  and  for  the  same  reason  the  effect  produced  by  a  magnet  is 
often  spoken  of  as  due  to  the  magnetic  field,  instead  of  to  the 
magnet  itself.  This  mode  of  expression  is  the  more  proper,  inas- 
much as  the  same  or  a  similar  condition  of  space  may  be  produced 
by  the  passage  of  electrical  currents  in  the  neighbourhood,  without 
the  presence  of  a  magnet.  Since  the  peculiarity  of  the  magnetic 
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field  consists  in  the  presence  of  a  certain  force,  we  may  numerically 
express  the  properties  of  the  field  by  measuring  the  strength  and 
direction  of  the  force,  or,  as  it  may  be  worded,  the  intensity  of  the 
field  and  the  direction  of  the  lines  of  force. 

This  direction  at  any  point  is  the  direction  in  which  the  force 
tends  to  move  a  free  pole ;  and  the  intensity,  H,  of  the  field  is 
completely  defined  as  proportional  to  the  force,/,  with  which  it 
acts  on  a  free  pole ;  but  this  force,  /,  is  also  proportional  to  the 
strength,  m,  of  the  pole  introduced  into  the  field,  and  it  depends 
on  no  other  quantities;  hence 

f=mH, (2) 

and  therefore  the  field  of  unit  intensity  will  be  that  which  acts 
with  unit  force  on  the  unit  pole. 

The  dimensions  of  [H]  are    —77 

The  lines  of  force  produced  by  a  long  thin  bar-magnet  near  its 
poles  radiate  from  the  poles,  and  the  intensity  of  the  field  is  equal 
to  the  quotient  of  the  strength  of  the  pole  divided  by  the  square 
of  the  distance  from  the  pole ;  thus  the  unit  field  is  produced  at 
the  unit  distance  from  the  unit  pole. 

In  a  uniform  magnetic  field  the  lines  of  force,  as  may  be 
demonstrated,  are  parallel ;  such  a  field  can  only  be  produced  by 
special  combinations  of  magnets,  but  a  small  field  at  a  great 
distance  from  any  one  pole  is  sensibly  uniform.  Thus,  in  any  room 
unaffected  by  the  neighbourhood  of  iron  or  magnets,  the  magnetic 
field  due  to  the  earth  is  sensibly  uniform;  its  direction  is  that 
assumed  by  the  dipping-needle. 

7.  Magnetic  Moment. — When  a  bar-magnet  is  placed  in  a 
uniform  field  two  equal  opposite  and  parallel  forces  act  on  its 
poles,  and  tend  to  set  it  with  the  line  joining  those  poles  in  the 
direction  of  the  force  of  the  field.  When  the  magnet  is  so  placed 
that  the  line  joining  the  poles  is  at  right  angles  to  the  lines  of  force 
in  the  field,  this  tendency  to  turn  or  "couple,"  G,  is  proportional  to 
the  intensity  of  the  field,  H,  the  strength  of  the  poles,  m,  and  the 
distance  between  them,  I;  or 

G=mlH (3) 

ml,  or  the  product  of  the  strength  of  the  poles  into  the  length 
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between  them,  is  called  the  magnetic  moment  of  the  magnet;  and 
from  equation  (3)  it  follows  that,  in  a  field  of  unit  intensity,  the 
couple  actually  experienced  by  any  magnet  in  the  above  position 
measures  its  moment.  The  dimensions  of  the  unit  of  magnetic 

moment  are  evidently      —r —     . 

8.  Intensity  of  Magnetization. — The  intensity  of  magnetization 
of  a  magnet  is  measured  by  its  magnetic  moment  divided  by  its 
volume. 

The   dimensions  of  the  unit  of  magnetization  are  therefore 

— i —    ,  the  same  as  in  the  case  of  intensity  of  field. 
LL^TJ 

9.  Coefficient  of  Magnetic  Induction. — When  certain   bodies,, 
such  as  soft  iron,  etc.,  are  placed  in  the  magnetic  field,  they  become 
magnetized  by  "induction";  so  that  the  intensity  of  magnetiza- 
tion is  (except  when  great)  nearly  proportional  to  the  intensity  of 
the  field. 

In  diamagnetic  bodies,  such  as  bismuth,  the  direction  of  mag- 
netization is  opposite  to  that  of  the  field.  In  paramagnetic  bodies, 
such  as  iron,  nickel,  etc.,  the  direction  of  magnetization  is  the  same 
as  that  of  the  field. 

The  coefficient  of  magnetic  induction  is  the  ratio  of  the  intensity 
of  magnetization  to  the  intensity  of  the  magnetic  force  within  the 
body,  and  is  therefore  a  numerical  quantity,  positive  for  paramag- 
netic bodies,  negative  for  diamagnetic  bodies. 

10.  Magnetic  Potentials  and  Equipotential  Surfaces. — If  we 
take  a  very  long  magnet,  and,  keeping  one  pole  well  out  of  the 
way,  move  the  other  pole  from  one  point  to  another  of  the  magnetic 
field,  we  shall  find  that  the  forces  in  the  field  do  work  on  the  pole, 
or  that  they  act  as  a  resistance  to  its  motion,  according  as  the 
motion  is  with  or  contrary  to  the  force  acting  on  the  pole.     If  the 
pole  moves  at  right  angles  to  the  force,  no  work  is  done. 

The  magnetic  potential  at  any  point  in  a  magnetic  field  is 
measured  by  the  work  done  against  the  magnetic  forces  on  a  unit 
pole  during  its  motion  from  an  infinite  distance  from  the  magnet 
producing  the  field  to  the  point  in  question,  supposing  the  unit 
pole  to  exercise  no  influence  on  the  magnetic  field  in  question. 
The  idea  of  potential  as  a  mathematical  quantity  having  different 
values  at  different  points  of  space  was  brought  into  form  by 
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Laplace*.  The  name  of  potential,  and  the  application  to  a  great 
number  of  electric  and  magnetic  investigations,  were  introduced 
by  George  Green  in  his  Essay  on  Electricity  (Nottingham,  1828). 

An  equipotential  surface  in  a  magnetic  field  is  a  surface  so 
<lra\\n  that  the  potential  of  all  its  points  are  equal.  By  drawing 
a  series  of  equipotential  surfaces  corresponding  to  potentials 
1,  2,  3  ...  71,  we  may  map  out  any  magnetic  field,  so  as  to  indicate 
its  properties. 

The  magnetic  force  at  any  point  is  perpendicular  to  the  equi- 
potential surface  at  that  point,  and  its  intensity  is  the  reciprocal 
of  the  distance  between  one  surface  and  the  next  at  that  point. 

[L^M^l 
The  dimensions  of  the  unit  of  magnetic  potential  are     — ^ —    . 

11.  Lines  of  Magnetic  Force. — There  is  another  way  of 
exploring  the  magnetic  field,  and  indicating  the  direction  and 
magnitude  of  the  force  at  any  point.  The  conception  and  appli- 
cation of  this  method  in  all  its  completeness  is  due  to  Faradayf. 
The  full  importance  of  this  method  cannot  be  recognized  till  we 
come  to  electro-magnetic  phenomena  (§§  22,  23,  and  24). 

A  line  whose  direction  at  any  point  always  coincides  with  that 
of  the  force  acting  on  the  pole  of  a  magnet  at  that  point,  is  called 
a  line  of  magnetic  force.  By  drawing  a  sufficient  number  of  such 
lines  we  may  indicate  the  direction  of  the  force  in  every  part  of 
the  magnetic  field;  but  by  drawing  them  according  to  rule,  we 
may  indicate  the  intensity  of  the  force  at  any  point  as  well  as  its 
direction.  It  has  been  shown  J  that  if,  in  any  part  of  their  course, 
the  number  of  lines  passing  through  unit  of  area  is  proportional 
to  the  intensity  there,  the  same  proportion  between  the  number 
of  lines  in  unit  of  area  and  the  intensity  will  hold  good  in  every 
part  of  the  course  of  the  lines. 

All  that  we  have  to  do,  therefore,  is  to  space  out  the  lines  in 
any  part  of  their  course,  so  that  the  number  of  lines  which  start 
from  unit  of  area  is  equal  to  the  number  representing  the  intensity 
of  the  field  there.  The  intensity  at  any  other  part  of  the  field  will 
then  be  measured  by  the  number  of  lines  which  pass  through  unit 
of  area  there ;  each  line  indicates  a  constant  and  equal  force. 

*  Mfcanique  Celeste,  LIV.  iii. 

t  Eacpcriwtemal  Researches,  vol.  in.  art.  3122  et  passim. 

t  Vide  Maxwell  on  Faraday's  Lines  of  Force,  Cambridge  Phil.  Trans.  1857. 
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12.  Relation  between  Lines  of  Force  and  Equipotential  Sur- 
faces.— The  lines  of  force  are  always  perpendicular  to  the  equi- 
potential  surfaces ;  and  the  number  of  lines  passing  through  unit 
of  area  of  an  equipotential  surface  is  the  reciprocal  of  the  distance 
between  that  equipotential  surface  and  the  next  in  order — a  state- 
ment made  above  in  slightly  different  language. 

In  a  uniform  field  the  lines  of  force  are  straight,  parallel,  and 
equidistant;  and  the  equipotential  surfaces  are  planes  perpen- 
dicular to  the  lines  of  force,  and  equidistant  from  each  other. 

If  one  magnetic  pole  of  strength  m  be  alone  in  the  field,  its 
lines  of  force  are  straight  lines,  radiating  from  the  pole  equally 
in  all  directions;  and  their  number  is  ^irm.  The  equipotential 
surfaces  are  a  series  .of  spheres  whose  centres  are  at  the  pole,  and 
whose  radii  are  m,  \m,  ^m,  Jm,  etc.  In  other  magnetic  arrange- 
ments these  lines  and  surfaces  are  more  complicated ;  but  in  all 
cases  the  calculation  is  simple,  and  in  many  cases  the  lines  and 
surfaces  can  be  graphically  constructed  without  any  calculation. 

PART  III. — MEASUREMENT  OF  ELECTRIC  PHENOMENA  BY  THEIR 
ELECTRO-MAGNETIC  EFFECTS. 

13.  Preliminary. — Before  treating  of  electrical  measurements, 
.the   exact   meaning  in  which  the   words   "  quantity,"  "  current," 
"electromotive   force,"  and  "resistance"  are  used  must   be   ex- 
plained.    But  in  giving  these  explanations,  we  shall  assume  the 
reader  to  be  acquainted  with  the  meaning  of  such  expressions  as 
conductor,  insulator,  voltaic  battery,  etc. 

14.  Meaning  of  the  words  "Electric  Quantity" — When  two 
light  conducting  bodies  are  connected  with  the  same  pole  of  a 
voltaic  battery,  while  the  other  pole  is  connected  with  the  earth, 
they  may  be   observed  to  repel   one   another.      The   two   poles 
produce   equal   and   similar  effects.     When  the  two  bodies   are 
connected  with  opposite  poles,  they  attract  one  another.     Bodies, 
when  in  a  condition  to  exert  this  peculiar  force  one  on  the  other, 
are  said  to  be  electrified  or  charged  with  electricity.     These  words 
are  mere  names  given  to  a  peculiar  condition  of  matter.,    If  a 
piece  of  glass  and  a  piece  of  resin  are  rubbed  together,  the  glass 
will  be  found  to  be  in  the  same  condition  as  an  insulated  body 
connected  with  the  copper  pole  of  the  battery,  and  the  resin  in 
the  same  condition  as  the  body  connected  with  the  zinc  pole  of 

B.  A.  7 
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the  battery.  The  former  is  said  to  be  positively  and  the  latter 
negatively  electrified.  The  propriety  of  this  antithesis  will  soon 
appear.  The  force  with  which  one  electrified  body  acts  on 
another,  even  at  a  constant  distance,  varies  with  different  circum- 
stances. When  the  force  between  the  two  bodies  at  a  constant 
distance,  and  separated  by  air,  is  observed  to  increase,  it  is  said  to 
be  due  to  an  increase  in  the  quantity  of  electricity;  and  the 
quantity  at  any  spot  is  defined  as  proportional  to  the  force  with 
which  it  acts,  through  air,  on  some  other  constant  quantity  at  a 
distance.  If  two  bodies,  charged  each  with  a  given  quantity  of 
electricity,  are  incorporated,  the  single  body  thus  composed  will 
be  charged  with  the  sum  of  the  two  quantities.  It  is  this  fact 
which  justifies  the  use  of  the  word  "  quantity." 

Thus  the  quality  in  virtue  of  which  a  body  exerts  the  peculiar 
force  described  is  called  electricity,  and  its  quantity  is  measured 
(cceteris  paribus)  by  measuring  force. 

The  quantity,  thus  defined,  produced  on  two  similar  balls 
similarly  circumstanced,  but  connected  with  opposite  poles  of  a 
voltaic  battery,  is  equal,  but  opposite ;  so  that  the  sum  of  these 
two  equal  and  opposite  quantities  is  zero ;  hence  the  conception  of 
positive  and  negative  quantities. 

In  speaking  of  a  quantity  of  electricity,  we  need  not  conceive 
it  as  a  separate  thing,  or  entity  distinct  from  ponderable  matter, 
any  more  than  in  speaking  of  sound  we  conceive  it  as  having  a 
distinct  existence.  Still  it  is  convenient  to  speak  of  the  intensity 
or  velocity  of  sound  to  avoid  tedious  circumlocution;  and  quite 
similarly  we  may  speak  of  electricity  without  for  a  moment 
imagining  that  any  real  electric  fluid  exists. 

The  laws  according  to  which  this  force  varies,  as  the  shape  of 
the  conductors,  their  combinations,  and  their  distances  are  varied, 
have  been  established  by  Coulomb,  Poisson,  Green,  W.  Thomson, 
and  others.  These  will  be  found  accurately  described,  indepen- 
dently of  all  hypothesis,  in  papers  by  Professor  W.  Thomson, 
published  in  the  Cambridge  Mathematical  Journal,  vol.  i.  p.  75 
(1846),  and  a  series  of  papers  in  1848  and  1849. 

15.  Meaning  of  the  words  "Electric  Current."— When  two 
balls  charged  by  the  opposite  poles  of  a  battery  with  opposite  and 
equal  quantities  of  electricity  are  joined  by  a  conductor,  they  lose 
in  a  very  short  time  their  peculiar  properties,  and  assume  a 
neutral  condition  intermediate  between  the  positive  and  negative 


FOR   ELECTRICAL   MEASUREMENTS  99 

states,  exhibiting  no  electrical  symptoms  whatever,  and  hence 
described  as  unelectrified,  or  containing  no  electricity.  But, 
during  the  first  moment  of  their  junction,  the  conductor  is  found 
to  possess  certain  new  and  peculiar  properties:  any  one  part  of 
the  conductor  exerts  a  force  upon  any  other  part  of  the  conductor; 
it  exerts  a  force  on  any  magnet  in  the  neighbourhood;  and  if  any 
part  of  the  conductor  be  formed  by  one  of  those  compound  bodies 
called  electrolytes,  a  certain  portion  of  this  body  will  be  decom- 
posed. These  peculiar  effects  are  said  to  be  due  to  a  current  of 
electricity  in  the  conductor.  The  positive  quantity,  or  excess,  is 
conceived  as  flowing  into  the  deficiency  represented  by  the 
negative  quantity;  so  that  the  whole  combination  is  reduced  to 
the  neutral  condition.  This  neutral  condition  is  similar  to  that 
of  the  earth  where  the  experiment  is  tried.  If  the  balls  are 
continually  recharged  by  the  battery,  and  discharged  or  neutra- 
lized by  the  wire,  a  rapid  succession  of  the  so-called  currents  will 
be  sent;  and  it  is  found  that  the  force  with  which  a  magnet 
is  deflected  by  this  rapid  succession  of  currents  is  proportional 
(cceteris  paribus)  to  the  quantity  of  electricity  passed  through  the 
conductor  per  second;  it  is  also  found  that  the  amount  of  chemical 
action,  measured  by  the  weights  of  the  particular  substances 
decomposed,  is  proportional  to  the  same  quantity.  The  currents 
just  described  are  intermittent ;  but  a  wire  or  conductor,  used 
simply  to  join  the  two  poles  of  a  battery,  acquires  permanently 
the  same  properties  as  when  used  to  discharge  the  balls  as  above 
with  great  rapidity ;  and  the  greater  the  rapidity  with  which  the 
balls  are  discharged,  the  more  perfect  the  similarity  of  the 
condition  of  the  wire  in  the  two  cases.  The  wire  in  the  latter 
case  is  therefore  said  to  convey  a  permanent  current  of  electricity, 
the  magnitude  or  strength  of  which  is  defined  as  proportional  to 
the  quantity  conveyed  per  second.  This  definition  is  expressed 
by  the  equation 

«-? w 

where  C  is  the  current,  Q  the  quantity,  and  t  the  time.  A 
permanent  current  flowing  through  a  wire  may  be  measured  by 
the  force  which  it  exerts  on  a  magnet ;  the  actual  quantity  it 
conveys  may  be  obtained  by  comparing  this  force  with  the  force 
exerted,  under  otherwise  similar  conditions,  when  a  known  quantity 
is  sent  through  the  same  wire  by  discharges.  The  strength  of  a 
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permanent  current  is  found  at  any  one  time  to  be  equal  in  all 
parts  of  the  conductor.  Conductors  conveying  currents  exert  a 
peculiar  force  one  upon  another;  and  during  their  increase  or 
decrease  they  produce  currents  in  neighbouring  conductors. 
Similar  effects  are  produced  as  they  approach  or  recede  from 
neighbouring  conductors.  The  laws  according  to  which  currents 
act  upon  magnets  and  upon  one  another  will  be  found  in  the 
writings  of  Ampere  and  Weber. 

16.  Meaning  of  the  words  "Electromotive  Force" — Hitherto 
we  have  spoken  simply  of  statical  effects ;  but  it  is  found  that 
a  current  of  electricity,  as  above  denned,  cannot  exist  without 
effecting  work  or  its  equivalent.  Thus  it  either  heats  the 
conductor,  or  raises  a  weight,  or  magnetizes  soft  iron,  or  effects 
chemical  decomposition;  in  fine,  in  some  shape  it  effects  work, 
and  this  work  bears  a  definite  relation  to  the  current.  Work 
done  presupposes  a  force  in  action.  The  immediate  force  pro- 
ducing a  current,  or,  in  other  words,  causing  the  transfer  of  a 
certain  quantity  of  electricity,  is  called  an  electromotive  force. 
This  force  is  necessarily  assumed  as  ultimately  due  to  that  part  of 
a  circuit  where  a  "degradation"  or  consumption  of  energy  takes 
place :  thus  we  speak  of  the  electromotive  force  of  the  voltaic  or 
thermo-electric  couple;  but  the  term  is  also  used,  independently 
of  the  source  of  power,  to  express  the  fact  that,  however  caused,  a 
certain  force  tending  to  do  work  by  setting  electricity  in  motion 
does,  under  certain  circumstances,  exist  between  two  points  of  a 
conductor  or  between  two  separate  bodies.  But  equal  quantities 
of  electricity  transferred  in  a  given  time  do  not  necessarily  or 
usually  produce  equal  amounts  of  work;  and  the  electromotive 
force  between  two  points,  the  proximate  cause  of  the  work,  is 
defined  as  proportional  to  the  amount  of  work  done  between 
those  points  when  a  given  quantity  of  electricity  is  transferred 
from  one  point  to  another.  Thus  if,  with  equal  currents  in  two 
distinct  conductors,  the  work  done  in  the  one  is  double  that  done 
in  the  other  in  the  same  time,  the  electromotive  force  in  the  first 
case  is  said  to  be  double  that  in  the  second ;  but  if  the  work  done 
in  two  circuits  is  found  strictly  proportional  to  the  two  currents, 
the  electromotive  force  acting  on  the  two  currents  is  said  to  be 
the  same.  Defined  in  this  way,  the  electromotive  force  of  a 
voltaic  battery  is  found  to  be  constant  so  long  as  the  materials 
of  which  it  is  formed  remain  in  a  similar  or  constant  condition. 
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The  above  definitions,  in  mathematical  language,  give  W=  ECt,  or 

W 
'-IS-     ...........................  («) 


where  E  is  the  electromotive  force,  and  W  the  work  done.  Thus 
the  electromotive  force  producing  a  current  in  a  conductor  is 
equal  to  the  ratio  between  the  work  done  in  the  unit  of  time  and 
the  current  effecting  the  work.  This  conception  of  the  relations 
of  work,  electromotive  force,  current,  and  quantity  will  be  aided  by 
the  following  analogy  :  —  A  quantity  of  electricity  may  be  compared 
to  a  quantity  or  given  mass  of  water  ;  currents  of  water  in  pipes 
in  which  equal  quantities  pass  each  spot  in  equal  times  then 
correspond  to  equal  currents  of  electricity;  electromotive  force 
corresponds  to  the  head  of  water  producing  the  current.  Thus 
if,  with  two  pipes  conveying  equal  currents,  the  head  forcing  the 
water  through  the  first  were  double  that  forcing  it  through  the 
second,  the  work  done  by  the  water  in  flowing  through  the  first 
pipe  would  necessarily  be  twice  that  done  by  the  water  in  the 
second  pipe  ;  but  if  twice  as  much  water  passed  through  the  first 
pipe  as  passes  through  the  second,  the  work  done  by  water  in  the 
first  pipe  would  again  be  doubled.  This  corresponds  exactly  with 
the  increase  of  work  done  by  the  electrical  current  when  the 
electromotive  force  is  doubled  and  when  the  quantity  is  doubled. 

Thus,  to  recapitulate,  the  quality  of  a  battery  or  source  of 
electricity,  in  virtue  of  which  it  tends  to  do  work  by  the  transfer 
of  electricity  from  one  point  to  another,  is  called  its  electromotive 
force,  and  this  force  is  measured  by  measuring  the  work  done 
during  the  transfer  of  a  given  quantity  of  electricity  between 
these  points.  The  relations  between  electromotive  force  and  work 
were  first  fully  explained  in  a  paper  by  Professor  W.  Thomson, 
on  the  application  of  the  principle  of  mechanical  effect  to  the 
measurement  of  electromotive  forces,  published  in  the  Philosophical 
Magazine  for  December,  1851. 

17.  Meaning  of  the  words  "Electric  Resistance!'  —  It  is  found 
by  experiment  that  even  when  the  electromotive  force  between 
two  points  remains  constant,  so  that  the  work  done  by  the 
transfer  of  a  given  quantity  of  electricity  remains  constant,  never- 
theless, by  modifying  the  material  and  form  of  the  conductor,  this 
transfer  may  be  made  to  take  place  in  very  different  times  ;  or,  in 
other  words,  currents  of  very  different  magnitudes  are  produced, 
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and  very  different  amounts  of  work  are  done,  in  the  unit  of  time. 
The  quality  of  the  conductor  in  virtue  of  which  it  prevents  the 
performance  of  more  than  a  certain  amount  of  work  in  a  given 
time  by  a  given  electromotive  force  is  called  its  electrical  resist- 
ance. The  resistance  of  a  conductor  is  therefore  inversely  pro- 
portional to  the  work  done  in  it  when  a  given  electromotive  force 
is  maintained  between  its  two  ends  ;  and  hence,  by  equation  (5),  it 
is  inversely  proportional  to  the  currents  which  will  then  be  pro- 
duced in  the  respective  conductors.  But  it  is  found  by  experiment 
that  the  current  produced  in  any  case  in  any  one  conductor  is 
simply  proportional  to  the  electromotive  force  between  its  ends; 

rr 

hence  the  ratio  -~  will  be  a  constant  quantity,  to  which  the  resist- 

ance as  above  defined  must  be  proportional,  and  may  with  con- 
venience be  made  equal  ;  thus 


(6) 


an  equation  expressing  Ohm's  law.  In  order  to  carry  on  the 
parallel  with  the  pipes  of  water,  the  resistance  overcome  by  the 
water  must  be  of  such  nature  that  twice  the  quantity  of  water 
will  flow  through  any  one  pipe  when  twice  the  head  is  applied. 
This  would  not  be  the  result  of  a  constant  mechanical  resistance, 
but  of  a  resistance  which  increased  in  direct  proportion  to  the 
speed  of  the  current;  thus  the  electrical  resistance  must  not  be 
looked  on  as  analogous  to  a  simple  mechanical  resistance,  but 
rather  to  a  coefficient  by  which  the  speed  of  the  current  must  be 
multiplied  to  obtain  the  whole  mechanical  resistance.  Thus  if 
the  electrical  resistance  of  a  conductor  be  called  Ry  the  work,  W, 
is  not  equal  to  CRt,  but  C  x  CR  x  t,  or 

W=C*Rt*,    ........................  (7) 

where  C  may  be  looked  on  as  analogous  to  a  quantity  moving  at  a 
certain  speed,  and  CR  as  analogous  to  the  mechanical  resistance 
which  it  meets  with  in  its  progress,  and  which  increases  in  direct 
proportion  to  the  quantity  conveyed  in  the  unit  of  time. 

18.     Measurement  of  Electric  Currents  by  their  Action  on  a 
Magnetic  Needle.—  In  1820,  Oersted  discovered  the  action  of  an 

*  By  equation   (5)   we  have    W=CEt;    but    by   equation   (6)    R  =  E.    hence 

W=C*Rt.—  g.K.l.. 
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electric  current  upon  a  magnet  at  a  distance,  and  one  method  of 
measurement  may  be  based  on  this  action.  Let  us  suppose  the 
current  to  be  in  the  circumference  of  a  vertical  circle,  so  that  in 
the  upper  part  it  runs  from  left  to  right.  Then  a  magnet  sus- 
pended in  the  centre  of  the  circle  will  turn  with  the  end  which 
points  to  the  north  away  from  the  observer.  This  may  be  taken 
as  the  simplest  case,  as  every  part  of  the  circuit  is  at  the  same 
distance  from  the  magnet,  and  tends  to  turn  it  the  same  way. 
The  force  is  proportional  to  the  moment  of  the  magnet,  to  the 
strength  of  the  current  as  defined  by  §  15,  to  its  length,  and 
inversely  to  the  square  of  its  distance  from  the  magnet. 

Let  the  moment  of  the  magnet  be  ml,  the  strength  of  the 
current  (7,  the  radius  of  the  circle  k,  the  number  of  times  the 
current  passes  round  the  circle  n,  the  angle  between  the  axes  of 
the  magnet  and  the  plane  of  the  circle  6,  and  the  moment  tending 
to  turn  the  magnet  G,  then 

cos0,    ..................  (8) 


which  will  be  unity  if  ml,  C,  k,  and  the  length  of  the  circuit  be 
unity,  and  if  6  =  0°. 

The  unit  of  current  founded  on  this  relation,  and  called  the 
electro-magnetic  unit,  is  therefore  that  current  of  which  the  unit 
of  length  placed  along  the  circumference  of  a  circle  of  unit  radius 
produces  a  unit  of  magnetic  force  at  the  centre. 

The  usual  way  of  measuring  C,  the  strength  of  a  current,  is  by 
making  it  describe  a  circle  about  a  magnet,  the  plane  of  the  circle 
being  vertical  and  magnetic  north  and  south.  Thus,  if  H  be  the 
intensity  of  the  horizontal  component  of  terrestrial  magnetism, 
and  G  the  moment  of  this  on  the  magnet,  G  =  mlH  sin  6,  whence 
the  strength  of  the  current 

C=2~Hts,u6}  ........................  (9) 

where  k  is  the  radius  of  the  circle,  n  the  number  of  turns,  H  the 
intensity  of  the  horizontal  part  of  the  earth's  magnetic  force  as 
determined  by  the  usual  method,  and  9  the  angle  of  deviation  of 
the  magnet  suspended  in  the  centre  of  the  circle.  As  the  strength 
of  the  current  is  proportional  to  the  tangent  of  the  angle  6,  an 
instrument  constructed  on  this  plan  is  called  a  tangent  galvano- 
meter. The  instrument  called  a  sine  galvanometer  may  also  be 
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used,  provided  the  coil  is  circular.     The  equation  is  similar  to 
that  just  given,  substituting  sin  0  for  tan  0. 

To  find  the  dimensions  of  [C],  the  unit  electric  current,  we 
must  consider  that  what  we  observe  is  the  force  acting  between  a 
magnetic  pole,  m,  and  a  current  of  given  length,  L,  at  a  given 

distance,  L1}  and  that  'this  force  =  -rT~-     Hence  the  dimensions 

of  [C],  the  unit  electric  current,  are          „      . 

19.  Measurement  of  Electric  Currents  by  their  mutual  action 
on  one  another.  —  Hitherto  we  have  spoken  of  the  measurement  of 
currents  as  dependent  on  their  action  upon  magnets;  but  this 
measurement  in  the  same  units  can  as  simply  be  founded  on  their 
mutual  action  upon  one  another.  Ampere  has  investigated  the 
laws  of  mechanical  action  between  conductors  carrying  currents. 
He  has  shown  that  the  action  of  a  small  closed  circuit  at  a 
distance  is  the  same  as  that  of  a  small  magnet,  provided  the  axis 
of  the  magnet  be  placed  normal  to  the  plane  of  the  circuit,  and 
the  moment  of  the  magnet  be  equal  to  the  product  of  the  current 
into  the  area  of  the  circuit  which  it  traverses. 

Thus,  let  two  small  circuits,  having  areas  A  and  A^  be  placed 
at  a  great  distance,  D,  from  each  other  in  such  a  way  that  their 
planes  are  at  right  angles  to  each  other,  and  that  the  line  D  is  in 
the  intersection  of  the  planes.  Now  let  currents,  C  and  Cl} 
circulate  in  these  conductors;  a  force  will  act  between  them 
tending  to  make  their  planes  parallel,  and  the  direction  of  the 
currents  opposite.  The  moment  of  this  couple  will  be 


(10 


Hence  the  unit  electric  current  conducted  round  two  circuits 
of  unit  area  in  vertical  planes  at  right  angles  to  each  other,  one 
circuit  being  at  a  great  distance,  D,  vertically  above  the  other, 

will  cause  a  couple  to  act  between  the  circuits  of  a  magnitude  -^  , 

The  definition  of  the  unit  current  (identical  with  the  unit  founded 
on  the  relations  given  in  §  18)  might  be  founded  on  this  action 
quite  independently  of  the  idea  of  magnetism. 

20.  Weber  s  Electro-dynamometer.  —  The  measurement  described 
in  the  last  paragraph  is  only  accurate  when  D  is  very  great,  and 
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therefore  the  moment  to  be  measured  very  small.  Hence  it  is 
better  to  make  the  experimental  measurements  in  another  form. 
For  this  purpose,  let  a  length  (I)  of  wire  be  made  into  a  circular 
coil  of  radius  k  ;  let  a  length  (^)  of  wire  be  made  into  a  coil  of 
very  much  smaller  radius,  klf  Let  the  second  coil  be  hung  in  the 
centre  of  the  first,  the  planes  being  vertical  and  at  the  angle  0. 
Then,  if  a  current  G  traverses  both  coils,  the  moment  of  the  force 
tending  to  bring  them  parallel  will  be 

G  =  iO.'sin0  ......................  (11) 


This  force  may  be  measured  in  mechanical  units  by  the  angle 
through  which  it  turns  the  suspended  coil,  the  forces  called  into 
play  by  the  mechanical  arrangements  of  suspension  being  known 
from  the  construction  of  the  instrument.  Weber  used  a  bifilar 
suspension,  by  which  the  weight  of  the  smaller  coil  was  used  to 
resist  the  moment  produced  by  the  action  of  the  currents. 

21.  Comparison  of  the  Electro-magnetic  and  Electro-chemical 
action  of  Currents.  —  Currents  of  electricity,  when  passed  through 
certain  compound  substances,  decompose  them  ;  and  it  is  found 
that,  with  any  given  substance,  the  weight  of  the  body  decom- 
posed in  a  given  time  is  proportional  to   the   strength  of  the 
current  as  already  defined  with  reference  to  its  electro-magnetic 
effect.     The  voltameter  is  an  apparatus  of  this  kind,  in  which 
water  is  the  substance  decomposed.     Special  precautions  have  to 
be  taken,  in  carrying  this  method  of  measurement  into  effect,  to 
prevent  variations  in  the  resistance  of  the  circuit,  and  consequently 
in  the  strength  of  the  current.     This  subject  is  more  fully  treated 
in  Part  V,  §§  53,  54. 

22.  Magnetic  Field  near  a  Current.  —  Since  a  current  exerts  a 
force  on  the  pole  of  a  magnet  in  its  neighbourhood,  it  may  be  said 
to  produce  a  magnetic  field  (§  6),  and,  by  exploring  this  field  with 
a  magnet,  we  may  draw  lines  of  force  and  equipotential  surfaces 
of  the  same  nature  as  those  already  described  for  magnetic  fields 
caused  by  the  presence  of  magnets. 

When  the  current  is  a  straight  line  of  indefinite  length,  like  a 
telegraph-wire,  a  magnetic  pole  in  its  neighbourhood  is  urged  by 
a  force  tending  to  turn  it  round  the  wire,  so  that  this  force  is  at 
any  point  perpendicular  to  the  plane  passing  through  this  point 
and  the  axis  of  the  current. 
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The  equipotential  surfaces  are  therefore  a  series  of  planes 
passing  through  the  axis  of  the  current,  and  inclined  at  equal 
angles  to  each  other.  The  number  of  these  planes  is  47r(7,  where 
0  ifi  the  strength  of  the  current. 

The  lines  of  magnetic  force  are  circles  having  their  centres  in 
the  axis  of  the  current,  and  their  planes  perpendicular  to  it.  The 
intensity  of  the  magnetic  force  at  a  distance,  k,  from  the  current 
is  the  reciprocal  of  the  distance  between  two  equipotential  sur- 

20 
faces,  which  shows  the  force  to  be  -j- . 

The  work  done  on  a  unit  magnetic  pole  in  going  completely 
round  the  current  is  4>7rC,  whatever  the  path  which  the  pole 
describes. 

23.  Mechanical  Action  of  a  Magnetic  Field  on  a  closed 
Conductor  conveying  a  Current. — When  there  is  mechanical  action 
between  a  conductor  carrying  a  current  and  a  magnet,  the  force 
acting  on  the  conductor  must  be  equal  and  opposite  to  that 
acting  on  the  magnet.  Every  part  of  the  conductor  is  therefore 
acted  on  by  a  force  perpendicular  to  the  plane  passing  through  its 
own  direction  and  the  lines  of  magnetic  force  due  to  the  magnet, 
and  equal  to  the  product  of  the  length  of  the  conductor  into  the 
strength  of  the  current,  the  intensity  of  the  magnetic  field,  and 
the  sine  of  the  angle  between  the  lines  of  force  and  the  direction 
of  the  current.  This  may  be  more  concisely  expressed  by  saying, 
that  if  a  conductor  carrying  a  current  is  moved  in  a  magnetic 
field,  the  work  done  on  the  conductor  by  the  electro-magnetic 
forces  is  equal  to  the  product  of  the  strength  of  the  current  into 
the  number  of  lines  of  force  which  it  cuts  during  its  motion. 

Hence  we  arrive  at  the  following  general  law,  for  determining 
the  mechanical  action  on  a  closed  conductor  carrying  a  current 
and  placed  in  a  magnetic  field: — 

Draw  the  lines  of  magnetic  force.  Count  the  number  which 
pass  through  the  area  enclosed  by  the  circuit  of  the  conductor, 
then  any  motion  which  increases  this  number  will  be  aided  by  the 
electro-magnetic  forces ;  so  that  the  work  done  during  the  motion 
will  be  the  product  of  the  strength  of  the  current  and  the  number 
of  additional  lines  of  force. 

For  instance,  let  the  lines  of  force  be  due  to  a  single  magnetic 
pole  of  strength  m.  These  are  4>7rm  in  number,  and  are  in  this 
case  straight  lines  radiating  equally  in  all  directions  from  the 
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pole.  Describe  a  sphere  about  the  pole,  and  project  the  circuit 
on  its  surface  by  lines  drawn  to  the  pole.  The  surface  of  the 
area  so  described  on  the  sphere  will  measure  the  solid  angle 
subtended  by  the  circuit  at  the  pole.  Let  this  solid  angle  =  o>, 
then  the  number  of  lines  passing  through  the  closed  surface  will 
be  may ;  and  if  C  be  the  strength  of  the  current,  the  amount  of 
work  done  by  bringing  the  magnet  and  circuit  from  an  infinite 
distance  apart  to  their  present  position  will  be  Gmw.  This  shows 
that  the  magnetic  potential  of  a  closed  circuit  carrying  a  unit 
current  with  respect  to  a  unit  magnetic  pole  placed  at  any 
point  is  equal  to  the  solid  angle  which  the  circuit  subtends  at 
that  point. 

By  considering  at  what  points  the  circuit  subtends  equal  solid 
angles,  we  may  form  an  idea  of  the  surfaces  of  equal  potential. 
They  form  a  series  of  sheets,  all  intersecting  each  other  in  the 
circuit  itself,  which  forms  the  boundary  of  every  sheet.  The 
number  of  sheets  is  4>7rC,  where  C  is  the  strength  of  the  current. 
The  lines  of  magnetic  force  intersect  these  surfaces  at  right 
angles,  and  therefore  form  a  system  of  rings  encircling  every  point 
of  the  circuit.  When  we  have  studied  the  general  form  of  the 
lines  of  force,  we  can  form  some  idea  of  the  electro-magnetic 
action  of  that  current,  after  which  the  difficulties  of  numerical 
calculation  arise  entirely  from  the  imperfection  of  our  mathe- 
matical skill. 

24.  General  Law  of  the  Mechanical  Action  between  Electric 
Currents  and  other  Electric  Currents  or  Magnets. — Draw  the  lines 
of  magnetic  force  due  to  all  the  currents,  magnets,  etc.,  in  the 
field,  supposing  the  strength  of  each  current  or  magnet  to  be 
reduced  from  its  actual  value  to  unity.  Call  the  number  of  lines 
of  force  due  to  a  circuit  or  magnet,  which  pass  through  another 
circuit,  the  potential  coefficient  between  the  one  and  the  other. 
This  number  is  to  be  reckoned  positive  when  the  lines  of  force 
pass  through  the  circuit  in  the  same  direction  as  those  due  to  a 
current  in  that  circuit,  and  negative  when  they  pass  in  the 
opposite  direction. 

If  we  now  ascertain  the  change  of  the  potential  coefficient  due 
to  any  displacement,  this  increment  multiplied  by  the  product  of 
the  strengths  of  the  currents  or  magnets  will  be  the  amount  of 
work  done  by  the  mutual  action  of  these  two  bodies  during  the 
displacement.  The  determination  of  the  actual  value  of  the 
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potential  coefficient  of  two  things,  in  various  cases,  is  an  im- 
portant part  of  mathematics  as  applied  to  electricity.  (See  the 
mathematical  discussion  of  the  experiments,  Appendix  D.) 

25.  Electro-magnetic  Measurement  of  Electric  Quantity. — A 
conducting  body  insulated  at  all  points  from  the  neighbouring 
conductors  may  in  various  ways  be  electrified,  or  made  to  hold  a 
quantity  of  electricity.  This  quantity  (§  14)  is  perfectly  definite 
in  any  given  circumstances ;  it  cannot  be  augmented  or  diminished 
so  long  as  the  conductor  is  insulated,  and  is  called  the  charge  of 
the  conductor.  Its  magnitude  depends  on  the  dimensions  and 
shape  and  position  of  the  insulated  and  the  neighbouring  con- 
ductors, on  the  insulating  material,  and  finally  on  the  electro- 
motive force  between  the  insulated  and  the  neighbouring 
conductors  at  the  time  when  the  charge  was  produced.  The 
well-known  Leyden  jar  is  an  arrangement  by  which  a  considerable 
charge  can  be  obtained  on  a  small  conductor  with  moderate 
electromotive  force  between  the  inner  and  outer  coatings  which 
constitute  respectively  the  "insulated"  and  "neighbouring"  con- 
ductors referred  to  in  general.  We  need  not  enter  into  the 
general  laws  determining  the  charge,  since  our  object  is  only  to 
show  how  it  may  be  measured  when  already  existing ;  but  it  may 
be  well  to  state  that  the  quantity  on  the  charged  insulated 
conductor  necessarily  implies  an  equal  and  opposite  quantity  on 
the  surrounding  or  neighbouring  conductors. 

We  have  already  defined  the  magnitude  of  a  current  of 
electricity  as  simply  proportional  to  the  quantity  of  electricity 
conveyed  in  a  given  time,  and  we  have  shown  a  method  of 
measuring  currents  consonant  with  this  definition.  The  unit 
quantity  will  therefore  be  that  conveyed  by  the  unit  current  as 
above  defined  in  the  unit  of  time.  Thus  if  a  unit  current  is 
allowed  to  flow  for  a  unit  of  time  in  a  wire  connecting  the  two 
coatings  of  a  Leyden  phial,  the  quantity  which  one  coating  loses 
or  which  the  other  gains  is  the  electro-magnetic  unit  quantity*. 
The  measurement  thus  defined  of  the  quantity  in  a  given  statical 
charge  can  be  made  by  observing  the  swing  of  a  galvanometer- 
needle  produced  by  allowing  the  charge  to  pass  through  the  coil 
of  the  galvanometer  in  a  time  extremely  short  compared  with 
that  occupied  by  an  oscillation  of  the  needle. 

*  Weber  calls  this  quantity  two  units— a  fact  which  must  not  be  lost  sight  of 
in  comparing  his  results  with  those  of  the  Committee. 
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Let  Q  be  the  whole  quantity  of  electricity  in  an  instantaneous 
current,  then 

Q  =  2sin^,  .....................  (12) 


where  GI  =  the  strength  of  a  current  giving  a  unit  deflection  (45° 
on  a  tangent  or  90°  on  a  sine  galvanometer),  t  —  half  the  period  or 
time  of  a  complete  oscillation  of  the  needle  of  the  galvanometer 
under  the  influence  of  terrestrial  magnetism  alone,  and  i  =  the 
angle  to  which  the  needle  is  observed  to  swing  from  a  position 
of  rest  when  the  discharge  takes  place  ;  C^  is  a  constant  which 
need  only  be  determined  once  for  each  instrument,  provided  the 
horizontal  force  of  the  earth's  magnetism  remain  unchanged.  In 
the  case  of  the  tangent  galvanometer,  the  formula  for  obtaining 
it  has  already  been  given.  From  equations  (9)  and  (12)  we  have 
for  a  tangent  galvanometer 


,..  ...(13) 

TT  n 

where,  as  before,  k  =  the  radius  of  the  coil,  and  n  =  the  number 
of  turns  made  by  the  wire  round  the  coil. 

The  quantity  in  a  given  charge  which  can  be  continually 
reproduced  under  fixed  conditions  may  be  measured  by  allowing  a 
succession  of  discharges  to  pass  at  regular  and  very  short  intervals 
through  a  galvanometer,  so  as  to  produce  a  permanent  deflection. 
The  value  of  a  current  producing  this  deflection  can  be  ascer- 
tained ;  and  the  quotient  of  this  value  by  the  number  of  discharges 
taking  place  in  a  "second"  gives  the  value  of  each  charge  in 
electro-magnetic  measure. 

To  find  the  dimensions  of  [Q],  we  simply  observe  that  the  unit 
of  electricity  is  that  which  is  transferred  by  the  unit  current  in 
the  unit  of  time.  Multiplying  the  dimensions  of  [0]  by  [T],  we 

find  the  dimensions  of  [Q]  are  [Z*J/«]. 

26.  Electric  Capacity  of  a  Conductor.  —  It  is  found  by  experi- 
ment that,  other  circumstances  remaining  the  same,  the  charge  on 
an  insulated  conductor  is  simply  proportional  to  the  electromotive 
force  between  it  and  the  surrounding  conductors,  or,  in  other 
words,  to  the  difference  of  potentials  (47).  The  charge  that 
would  be  produced  by  the  unit  electromotive  force  is  said  to 
measure  the  electric  capacity  of  a  conductor.  Thus,  generally, 
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the  capacity  of  a  conductor  8  =  ^  ,  where  Q  is  the  whole  quantity 

in  the  charge  produced  by  the  electromotive  force  E.  When  the 
electromotive  force  producing  the  charge  is  capable  of  maintaining 
a  current,  the  capacity  of  the  conductor  may  be  obtained  without 
a  knowledge  of  the  value  either  of  Q  or  E,  provided  we  have  the 
means  of  measuring  the  resistance  of  a  circuit  in  electro-magnetic 
measure.  For  let  H  be  the  resistance  of  a  circuit,  in  which  the 
given  electromotive  force  E  will  produce  the  unit  deflection  on  a 
tangent  galvanometer,  then,  from  equations  (6)  and  (12),  we  have 

,     .....................  (14) 


where  t  and  i  retain  the  same  signification  as  in  equation  (13) 
(§  25). 

27.  Direct  Measurement  of  Electromotive  Force.  —  The  meaning 
of  the  words  "electromotive  force"  has  already  been  explained 
(§  16);  this  force  tends  to  do  work  by  means  of  a  current  or 
transfer  of  electricity,  and  may  therefore  be  said  to  produce  and 
maintain  the  current.  In  any  given  combination  in  which  electric 
currents  flow,  the  immediate  source  of  the  power  by  which  the 
work  is  done  is  said  to  produce  the  electromotive  force.  The 
sources  of  power  producing  electromotive  force  are  various.  Of 
these,  chemical  action  in  the  voltaic  battery,  unequal  distribution 
of  temperature  in  circuits  of  different  conductors,  the  friction  of 
different  substances,  magneto-electric  induction,  and  simple  elec- 
tric induction  are  the  most  familiar.  An  electromotive  force  may 
exist  between  two  points  of  a  conductor,  or  between  two  points  of 
an  insulator,  or  between  an  insulator  and  a  conductor,  —  in  fine, 
between  any  points  whatever.  This  electromotive  force  may  be 
capable  of  maintaining  a  current  for  a  long  time,  as  in  a  voltaic 
battery,  or  may  instantly  cease  after  producing  a  current  of  no 
sensible  duration,  as  when  two  points  of  the  atmosphere  at 
different  potentials  (§  47)  are  joined  by  a  conductor;  but  in  every 
case  in  which  a  constant  electromotive  force  E  is  maintained 
between  any  two  points,  however  situated,  the  work  spent  or 
gained  in  transferring  a  quantity,  Q,  of  electricity  from  one  of 
those  points  to  the  other  will  be  constant;  nor  will  this  work  be 
affected  by  the  manner  or  method  of  the  transfer.  If  the 
electricity  be  slowly  conveyed  as  a  static  charge  on  an  insulated 
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ball,  the  work  will  be  spent  or  gained  in  accelerating  or  retarding 
the  ball;  if  the  electricity  be  conveyed  rapidly  through  a  con- 
ductor of  small  resistance,  or  more  slowly  through  a  conductor 
of  great  resistance,  the  work  may  be  spent  in  heating  the 
conductor,  or  it  may  electrolyze  a  solution,  or  be  thermo-elec- 
trically  or  mechanically  used;  but  in  all  cases  the  change  effected> 
measured  as  equivalent  to  work  done,  will  be  the  same,  and  equal 
to  EQ.  Hence  the  electromotive  force  from  the  point  A  to  the 
point  B  is  unity,  if  a  unit  of  mechanical  work  is  gained  in  the 
transfer  of  a  unit  of  electricity  from  A  to  B.  This  general 
definition  is  due  to  Professor  W.  Thomson. 

The  direct  measurement  of  electromotive  force  may  be  made 
by  the  measurement  in  any  given  case  of  the  work  done  by  the 
transfer  of  a  given  quantity  of  electricity.  The  ratio  between  the 
numbers  measuring  the  work  done  and  the  quantity  transferred 
would  measure  the  electromotive  force.  This  measurement  has 
been  made  by  Dr  Joule  and  Professor  Thomson,  by  determining 
the  heat  developed  in  a  wire  by  a  given  current  measured  as 
in  §  18*. 

28.  Indirect    Measurements    of   Electromotive    Force. — The 
direct   method  of  measurement  is  in  most   cases   inconvenient 
and  in  many  impossible ;  but  the  indirect  methods  are  numerous 
and  easily  applied.     The  relation  between  the   current,  C,  the 
resistance,  R,  and  the  electromotive  force,  E,  expressed  by  Ohm's 
law  (equation  6),  will  determine   the   electromotive   force   of  a 
battery  whenever  R  and  C  are  known.     A  second  indirect  method 
depends  on  the  measurement  of  the  statical  force  with  which  two 
bodies  attract  one  another  when  the  given  electromotive  force  is 
maintained   between   them.      This    method   is   fully   treated   in 
Part  IV  (43).     The  phenomenon  on  which  it  is  based  admits  of 
an    easy   comparison   between   various    electromotive    forces   by 
electrometers.     This  method  is  applicable  even  to  those  cases  in 
which  the    electromotive   force  to  be   measured  is  incapable   of 
maintaining  a  current.     The  laws   of  chemical  electrolysis  and 
electro-magnetic  induction  afford  two  other  indirect  methods  of 
estimating  electromotive  force  in  special  cases  (54  and  31). 

29.  Measurement  of  Electric  Resistance. — We  have  already 
stated  that  the   resistance   of  a   conductor  is  that  property  in 
virtue  of  which  it  limits  the  amount  of  work  performed  by  a 

*  Phil.  Mag.  vol.  n.  4th  ser.  1851,  p.  551. 
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given  electromotive  force  in  a  given  time,  and  we  have  shown 
that  it  may  be  measured  by  the  ratio  ^  of  the  electromotive 

force  between  two  ends  of  a  conductor  to  the  current  maintained 
by  it.  The  unit  resistance  is  therefore  that  in  which  the  unit 
electromotive  force  produces  the  unit  current,  and  therefore 
performs  the  unit  of  work  in  the  unit  of  time.  If  in  any  circuit 
we  can  measure  the  current  and  electromotive  force,  or  even  the 
ratio  of  these  magnitudes,  we  should,  ipso  facto,  have  measured 
the  resistance  of  the  circuit.  The  methods  by  which  this  ratio 
has  been  measured,,  founded  on  the  laws  of  electro-magnetic 
induction,  are  fully  described  in  Appendix  D.  Other  methods 
may  be  founded  on  the  measurement  of  currents  and  electro- 
motive forces  described  in  18,  19,  20,  27,  and  28.  Lastly,  a 
method  founded  on  the  gradual  loss  of  charge  through  very  great 
resistances  will  be  found  in  Part  IV  (45).  The  equation  (25) 
there  given  for  electrostatic  measure  is  applicable  to  electro- 
magnetic measure  when  the  capacity  and  difference  of  potentials 
are  expressed  in  electro-magnetic  units. 

30.  Electric  Resistance  in  Electro-magnetic  Units  is  measured 
by  an  Absolute  Velocity. — The  dimensions  of  [K\  are  found,  by 

comparing  those  of  [E]  and  [C],  to  be  I  -jJ,  or  those  of  a  simple 

velocity.  This  velocity,  as  was  pointed  out  by  Weber,  is  an 
absolute  velocity  in  nature  quite  independent  of  the  magnitude 
of  the  fundamental  units  in  which  it  is  expressed.  The  following 
illustration,  due  to  Professor  Thomson,  will  show  how  a  velocity 
may  express  a  resistance,  and  also  how  that  expression  may  be 
independent  of  the  magnitude  of  the  units  of  time  and  space. 

Let  a  wire  of  any  material  be  bent  into  an  arc,  of  57^°  with 
any  radius,  k.  Let  this  arc  be  placed  in  the  magnetic  meridian 
of  any  magnetic  field,  with  a  magnet  of  any  strength  freely 
suspended  in  the  centre  of  the  arc.  Let  two  vertical  wires  or 
rails,  separated  by  a  distance  equal  to  k,  be  attached  by  a  wire 
to  the  ends  of  the  arc ;  and  let  a  cross  piece  slide  along  these  rails 
inducing  a  current  in  the  arc.  Then  it  may  be  shown  that  the 
speed  required  to  produce  a  deflection  of  45°  on  the  magnet  will 
measure  the  resistance  of  the  circuit,  which  is  assumed  to  be 
constant.  This  speed  will  be  the  same  whatever  be  the  value 
of  k,  or  the  intensity  of  the  magnetic  field,  or  the  moment  of 


FOR    ELECTRICAL   MEASUREMENTS  113 

the  magnet.  In  this  form  the  experiment  could  not  be  easily 
carried  out;  but  if  a  length,  I,  of  wire  be  taken  and  rolled  into  a 
circular  coil  at  the  radius  k,  and  the  distance  between  the  vertical 

k2 
rails  be  taken  equal  to  j  ,  then  if  the  resistance  of  the  circuit 

be  the  same  as  in  the  previous  case,  the  deflection  of  45°  will  be 
produced  by  the  same  velocity  in  the  cross  piece,  measuring  that 

kz 

resistance  ;  or,  generally,  if  the  distance  between  the  rails  be  p  -j  , 

L 

then  p  times  the  velocity  required  to  produce  the  unit  deflection 
(45°)  will  measure  the  resistance.  The  truth  of  this  proposition 
can  easily  be  established  when  the  laws  of  magneto-electric  induc- 
tion have  been  understood  (31). 

31.  Magneto-electric  Induction.  —  Let  a  conducting  circuit  be 
placed  in  a  magnetic  field.  Let  C  be  the  intensity  of  any  current 
in  that  circuit  ;  E  the  magnitude  of  the  electromotive  force  acting 
in  the  circuit.  Let  the  circuit  be  so  moved  that  the  number  of 
lines  of  magnetic  force  (11)  passing  through  the  area  which  it 
encloses  is  increased  by  N  in  the  time  t,  then  (23)  the  electro- 
magnetic forces  will  contribute  towards  the  motion  an  amount  of 
work  measured  by  CN.  Now  Q,  the  quantity  of  electricity  which 
passes,  is  equal  to  Ct;  so  that  the  work  done  on  the  current  is 
EQ  or  CEt.  By  the  principle  of  conservation  of  energy,  the  work 
done  by  the  electro-magnetic  forces  must  be  at  the  expense  of 
that  done  by  the  electromotive  forces,  or 


or  dividing  by  Ct,  we  find  that 


or,  in  other  words,  if  the  number  of  lines  of  force  passing  through 
the  area  enclosed  by  a  circuit  be  increased,  an  electromotive  force 
in  the  negative  direction  will  act  in  the  circuit  measured  by  the 
number  of  lines  of  force  added  per  second. 

If  R  be  the  resistance  of  the  circuit,  we  have,  by  Ohm's  law 
(equation  6),  E  =  CR  ;  and  therefore 


...............  (16) 

or,  in  other  words,  if  the  number  of  lines  of  magnetic  force  passing 

through  the  area  enclosed  by  the  circuit  is  altered,  a  current  will 
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be  produced  in  the  circuit  in  the  direction  opposite  to  that  of  a 
current  which  would  have  produced  lines  of  force  in  the  direction 
of  those  added,  and  the  quantity  of  electricity  which  passes 
multiplied  by  the  resistance  of  the  circuit  measures  the  number 
of  additional  lines  passing  through  the  area  enclosed  by  the  circuit. 

The  facts  of  magneto-electric  induction  were  discovered  by 
Faraday,  and  described  by  him  in  the  First  Series  of  his  Experi- 
mental Researches  in  Electricity,  read  to  the  Royal  Society, 
24th  November,  1831. 

He  has  shown*  the  relation  between  the  induced  current  and 
the  lines  of  force  cut  by  the  circuit  treated  as  a  surface  or  area, 
and  he  has  also  described  the  state  of  a  conductor  in  a  field  of 
force  as  a  state  the  change  of  which  is  a  cause  of  currents.  He 
calls  it  the  electrotonic  state;  and,  as  we  have  just  seen,  the 
electro  tonic  state  may  be  measured  by  the  number  of  lines  of 
force  which  pass  through  the  circuit  at  any  time. 

The  measure  of  electromotive  force  used  by  W.  Weber,  and 
derived  by  him  (independently  of  the  principle  of  conservation 
of  energy)  from  the  motion  of  a  conductor  in  a  magnetic  field,  is 
the  same  as  that  at  which  we  have  arrived;  for,  from  equation 
(15),  we  find  that  the  unit  electromotive  force  will  be  produced  by 
motion  in  a  magnetic  field  when  one  line  of  force  is  added  (or 
subtracted)  per  unit  of  time,  and  this  will  occur  when  in  a  field 
of  unit  intensity  a  straight  bar  of  unit  length,  forming  part  of  a 
circuit  otherwise  at  rest,  is  moved  with  unit  velocity  perpen- 
dicularly to  the  lines  of  force  and  to  its  own  direction. 

To  W.  Weber,  whose  numerical  determinations  of  electrical 
magnitudes  are  the  starting-point  of  exact  science  in  electricity, 
we  owe  this,  the  first  definition  of  the  unit  of  electromotive  force ; 
but  to  Professor  Helmholtz -f  and  to  Professor  W.  Thomson  t, 
working  independently  of  each  other,  we  owe  the  proof  of  the 
necessary  existence  of  magneto-electric  induction  and  the  deter- 
mination of  electromotive  force  on  strictly  mechanical  principles. 

32.  On  Material  Standards  for  the  Measurement  of  Electric 
Magnitudes. — The  comparison  between  two  different  electrical 
magnitudes  of  the  same  nature,  e.g.  between  two  currents  or 

*  Experimental  Researches,  3082,  etc. 

t  Paper  read  before  the  Physical  Society  of  Berlin,  1847  (vide  Taylor's  Scientific 
Memoir*,  part  ii.  Feb.  1853,  p.  114). 

I  Transactions  of  the  British  Association,  1848  ;  Phil.  Mag.,  Dec.  1851. 
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between  two  resistances,  is  in  all  cases  much  simpler  than  the 
direct  measurements  of  these  magnitudes  in  terms  of  time,  mass, 
and  space,  as  described  in  the  foregoing  pages.  Much  labour  is, 
therefore,  saved  by  the  use  of  standards  of  each  magnitude ;  and 
the  construction  and  distribution  of  those  standards  form  part  of 
the  duties  of  the  Committee. 

Electric  currents  are  most  simply  compared  by  "  electro- 
dynamometers  "  (20) — instruments  which,  unlike  galvanometers, 
are  practically  independent  of  the  intensity  of  the  earth's 
magnetism.  When  an  instrument  of  this  kind  has  been  con- 
structed, with  which  the  values  of  the  currents  corresponding  to 
each  deflection  has  been  measured  (19,  20),  other  instruments 
may  easily  be  so  compared  with  this  standard,  that  the  relative 
value  of  the  deflections  produced  by  equal  currents  on  the 
standard  and  the  copies  shall  be  known.  Hence  the  absolute 
value  of  the  current  indicated  by  each  deflection  of  each  copy  will 
be  known  in  absolute  measure.  In  other  words,  in  order  to 
obtain  the  electro-magnetic  measure  of  a  current  in  the  system 
described,  each  observer  in  possession  of  an  electro-dynamometer 
which  has  been  compared  with  the  standard  instrument  will 
simply  multiply  by  a  constant  number  the  deflection  produced 
by  the  current  on  his  instrument  (or  the  tangent  or  sine  of 
the  deflection,  according  to  the  particular  construction  of  the 
instrument). 

Electric  quantities  may  be  compared  by  the  swing  of  the 
needle  of  a  galvanometer  of  any  kind.  They  may  be  measured 
by  any  one  in  possession  of  a  standard  electro-dynamometer,  or 
resistance-coil,  since  the  observer  will  then  be  in  a  position 
directly  to  determine  (7,  in  equation  (12),  or  R,  in  equation  (14). 

Capacities  may  be  compared  by  the  methods  described  (26); 
and  a  Leyden  jar  or  condenser  (41)  of  unit  capacity,  and  copies 
derived  from  it,  may  be  prepared  and  distributed.  The  owner  of 
such  a  condenser,  if  he  can  measure  electromotive  force,  can 
determine  the  quantity  in  his  condenser. 

The  material  standard  for  electromotive  force  derived  from 
electro-magnetic  phenomena  would  naturally  be  a  conductor  of 
known  shape  and  dimensions,  moving  in  a  known  manner  in  a 
known  magnetic  field.  Such  a  standard  as  this  would  be  far  too 
complex  to  be  practically  useful :  fortunately  a  very  simple  and 
practical  standard  or  gauge  of  electromotive  force  can  be  based  on 
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its  statical  effects,  and  will  be  described  in  treating  of  those  effects 
(Part  IV,  43).  A  practical  standard  for  approximate  measure- 
ments might  be  formed  by  a  voltaic  couple,  the  constituent  parts 
of  which  were  in  a  standard  condition.  It  is  probable  that  the 
Daniell's  cell  may  form  a  practical  standard  of  reference  in  this 
way,  when  its  value  in  electro-magnetic  measure  is  known.  This 
value  (centimetre-gramme  second)  lies  between  9  x  107  and  11  x  107 
(or  9  x  104  and  11  x  104  metre-gramme  second).  [Note,  1872.— 
Mr  Latimer  Clark's  cell  equal  to  1'457  x  108  centimetre-gramme 
second  series,  or  1457  x  105  metre-gramme  second  series,  is  a 
better  standard  of  E.M.F.  This  cell  is  composed  of  pure  mercury 
as  the  negative  element,  the  mercury  being  covered  by  a  paste 
made  by  boiling  mercurous  sulphate  in  a  thoroughly  saturated 
solution  of  zinc  sulphate,  the  positive  element  consisting  of  pure 
zinc  resting  on  the  paste.  This  element  must  not  be  used  to 
produce  a  current,  but  forms  an  excellent  standard  of  E.M.F.,  when 
compared  with  other  cells,  by  any  method  which  does  not  involve 
the  passage  of  a  current  through  the  cell  (vide  Proc.  Roy.  Soc. 
No.  136,  1872).] 

Resistances  are  compared  by  comparing  currents  produced  in 
the  several  conductors  by  one  and  the  same  electromotive  force. 
The  unit  resistance,  determined  as  in  Appendix  D,  will  be 
represented  by  a  material  conductor;  simple  coils  of  insulated  wire 
compared  with  this  standard,  and  issued  by  the  Committee,  will 
allow  any  observer  to  measure  any  resistance  in  electro-magnetic 
measure. 


PART  IV. — MEASUREMENT  OF  ELECTRIC  PHENOMENA  BY 
STATICAL  EFFECTS. 

33.  Electrostatic  Measure  of  Electric  Quantity. — By  the  appli- 
cation of  a  sufficient  electromotive  force  between  two  parts  of  a 
conductor  which  does  not  form  a  circuit,  it  is  possible  to  com- 
municate to  either  part  a  charge  of  electricity  which  may  be 
maintained  in  both  parts,  if  properly  insulated  (14).  With  the 
ordinary  electromotive  forces  due  to  induction  or  chemical  action, 
and  the  ordinary  size  of  insulated  conductors,  the  charge  of 
electricity  in  electro- magnetic  measure  is  exceedingly  small;  but 
when  the  capacity  of  the  conductor  is  great,  as  in  the  case  of  long 
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submarine  cables,  the  charge  may  be  considerable.  By  making 
use  of  the  electromotive  force  produced  by  the  friction  of  unlike 
substances,  the  charge  or  electrification  even  of  small  bodies  may 
be  made  to  produce  visible  effects.  The  electricity  in  a  charge  is 
not  essentially  in  motion,  as  is  the  case  with  the  electricity  in  a 
current.  In  other  words,  a  charge  may  be  permanently  main- 
tained without  the  performance  of  work.  Electricity  in  this 
condition  is  therefore  frequently  spoken  of  as  statical  electricity, 
and  its  effects,  to  distinguish  them  from  those  produced  by 
currents,  may  be  called  statical  effects.  The  peculiar  properties 
of  electrically  charged  bodies  are  these  :  — 

1.  When  one  body  is  charged  positively  (14),  some  other  body 
or  bodies  must  be  charged  negatively  to  the  same  extent. 

2.  Two   bodies   repel   one    another   when  both  are   charged 
positively,  or  both  negatively,  and  attract  when  oppositely  charged. 

3.  These  forces  are  inversely  proportional  to  the  square  of  the 
distance  of  the  attracting  or  repelling  charges  of  electricity. 

4.  If  a  body  electrified  in  any  given  invariable  manner  be 
placed  in  the  neighbourhood  of  any  number  of  electrified  bodies, 
it  will  experience  a  force  which  is  the  resultant  of  the  forces  that 
would  be  separately  exerted  upon  it  by  the  different  bodies  if 
they  were  placed  in  succession  in  the  positions  which  they  actually 
occupy,  without  any  alteration  in  their  electrical  conditions. 

From  these  propositions  it  follows  that,  at  a  given  distance, 
the  force,  ft  with  which  two  small  electrified  bodies  repel  one 
another  is  proportional  to  the  product  of  the  charges,  q  and  qlt 
upon  them.  But  when  the  distance  varies,  this  force,  /,  is  in- 
versely proportional  to  the  square  of  the  distance,  d,  between 
them;  hence 


When  q  and  ql  are  of  dissimilar  signs,  /  becomes  negative,  i.e.  there 
is  an  attraction,  and  not  a  repulsion.  This  equation  is  incompatible 
with  the  electro-magnetic  definitions  given  in  Part  III,  and,  if  it 
be  allowed  to  be  fundamental,  gives  a  new  definition  of  the  unit 
quantity  of  electricity,  as  that  quantity  which,  if  placed  at  a  unit 
distance  from  another  equal  quantity  of  the  same  kind,  repels  it 
with  unit  force. 

34.     Electrostatic  System  of  Units.  —  This  new  measurement  of 
quantity  forms  the  foundation  of  a  distinct  system  or  series  of 
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units,  which  may  be  called  the  electrostatic  units,  and  measure- 
ments in  these  units  will  in  these  pages  be  designated  by  the 
use  of  small  letters;  thus,  as  Q,  C,  etc.  signify  the  number 
of  electrostatic  units  in  the  same  quantities,  currents,  etc.  in 
electro-magnetic  measure,  so  q,  c,  e,  and  r,  etc.  will  represent  the 
electrostatic  measure  of  quantity,  current,  electromotive  force, 
resistance,  etc. 

The  relations  between  current  and  quantity,  between  work, 
current,  and  electromotive  force,  and  between  electromotive  force, 
current,  and  resistance,  remain  unchanged  by  the  change  from 
the  electro-magnetic  to  the  electrostatic  system. 

35.  Ratio  between  Electrostatic  and  Electro-magnetic  Measures 
of  Quantity. — Since  the  expression  forming  the  second  member 
of  equation  (17)  represents  a  force  the  dimensions  of  which  are 

~T*  '  ^e  dimensions  °f  M  are  — w~  -  The  dimensions  of 
the  unit  of  electricity,  [Q],  in  the  electro-magnetic  system  are 
[L* J/2]  (25).  Hence,  since  in  passing  from  the  one  system  to 

the  other  we  must  employ  the  ratio  ^ ,  this  ratio  will  be  of  the 

^ 

dimension  \m\i  that  is  to  say,  it  is  of  the  nature  of  a  velocity. 

In  the  present  treatise  this  velocity  will  be  designated  by  the 
letter  v. 

The  first  estimate  of  the  relation  between  quantity  of  electricity 
measured  statically  and  the  quantity  transferred  by  a  current  in  a 
given  time  was  made  by  Faraday*.  A  careful  experimental  in- 
vestigation by  MM.  Weber  and  Kohlrausch-f-  not  only  confirms 
the  conclusion  that  the  two  kinds  of  measurements  are  consistent, 
but  shows  that  the  velocity  v  is  310,740,000  metres  per  second— 
a  velocity  not  differing  from  the  estimated  velocity  of  light  more 
than  the  different  determinations  of  the  latter  quantity  differ 
from  each  other,  v  must  always  be  a  constant  real  velocity  in 
nature,  and  should  be  measured  in  terms  of  the  system  of  funda- 
mental units  adopted  in  electrical  measurements  (3  and  55).  A 
redetermination  of  v  (46)  will  form  part  of  the  present  Committee's 
business  in  1863-64.  It  will  be  seen  that,  by  definition,  the 

*  Experimental  Researches,  series  iii.  §  361,  etc. 

t  Abhandlungen  der  Konig.  Sachsischen  Ges.  Bd.  iii.  (1857)  p.  260;  or  Poggen- 
dorff's  Annalen,  Bd.  xcix.  p.  10  (Aug.  1856). 
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quantity  transmitted  by  an  electro-magnetic  unit  current  in  the 
unit  time  is  equal  to  v  electrostatic  units  of  quantity.  In  the 
centimetre-gramme  second  series  the  value  of  v  will  clearly  be 
100  times  as  great  as  that  given  above. 

36.  Electrostatic  Measure  of  Currents.  —  In  any  coherent 
system,  a  current  is  measured  by  the  quantity  of  electricity 
which  passes  in  the  unit  of  time  (15)  ;  if  both  current  and 
quantity  are  measured  in  electrostatic  units,  then 


r  rf  M\~\ 

The  dimensions  of  [c]  are  therefore     —  ^  —    ;  and  in  order  to 

reduce  a  current  from  electro-magnetic  to  electrostatic  measure, 
we  must  multiply  C  by  vt  or 

c  =  vC.   ...........................  (19) 


37.  Electrostatic  Measure  of  Electromotive  Force.  —  The 
statical  measure  of  an  electromotive  force  is  the  work  which 
would  be  done  by  electrical  forces  during  the  passage  of  a  unit 
of  electricity  from  one  point  to  another.  The  only  difference 
between  this  definition  and  the  electro-magnetic  definition  (16 
and  27)  consists  in  the  change  of  the  unit  of  electricity  from  the 
electro-magnetic  to  the  electrostatic. 

Hence  if  q  units  of  electricity  are  transferred  from  one  place 
to  another,  the  electromotive  force  between  those  places  being  e, 
the  work  done  during  the  transfer  will  be  qe  ;  but  we  found  (27) 
that  if  E  and  Q  be  the  electro-magnetic  measures  of  the  same 
quantities,  the  work  done  would  be  expressed  by  QE'}  hence 

qe=QE; 
but  (35)  q  =  vQ, 

therefore  e  =  —  ..  ......  (20) 

v 

Thus,   to   reduce    electromotive    force    from    electro-  magnetic    to 
electrostatic  measure,  we  must  divide  by  v. 


The  dimensions  of  e  are    —  - 
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38.  Electrostatic  Measure  of  Resistance.— If  an  electromotive 
force,  e,  act  on  a  conductor  whose  resistance  in  electrostatic 
measure  is  r,  and  produce  a  current,  e,  then  by  Ohm's  law 


.(21) 


Substituting   for   e   and   c  their  equivalents  in  electro-magnetic 
measure  (equations  19  and  20),  we  have 


but(eq.  7) 
and  therefore 


IE 

C 

E 


~  V  C 


Hence,  to  reduce  a  resistance  measured  in  electro-magnetic 
units  to  its  electrostatic  value,  we  must  divide  by  v2. 

The  dimensions  of  [r]  are    -y  ,  or  the  reciprocal  of  a  velocity. 

39.  Electric  Resistance  in  Electrostatic  Units  is  measured  by 
the  Reciprocal  of  an  Absolute  Velocity.  —  We  have  seen  from  the 
last  paragraph  that  the  dimensions  of  r  establish  this  proposition  ; 
but  the  following  independent  definition,  due  to  Professor  W. 
Thomson,  assists  the  mind  in  receiving  this  conception  as  a 
necessary  natural  truth.  Conceive  a  sphere  of  radius  k,  charged 
with  a  given  quantity  of  electricity,  Q.  The  potential  of  the 

sphere,  when  at  a  distance  from  all  other  bodies,  will  be  ^  (40,  41, 

and  47).  Let  it  now  be  discharged  through  a  certain  resistance,  r. 
Then  if  the  sphere  could  collapse  with  such  a  velocity  that  its 
potential  should  remain  constant,  or,  in  other  words,  that  the  ratio 
of  the  quantity  on  the  sphere  to  its  radius  should  remain  constant, 
during  the  discharge,  then  the  time  occupied  by  its  radius  in 
shrinking  the  unit  of  length  would  measure  the  resistance  of  the 
discharging  conductor  in  electrostatic  measure,  or  the  velocity 
with  which  its  radius  diminished  would  measure  the  conducting 
power  (50)  of  the  discharging  conductor.  Thus  the  conducting 
power  of  a  few  yards  of  silk  in  dry  weather  might  be  an  inch  per 
second,  in  damp  weather  a  yard  per  second.  The  resistance  of 
1000  miles  of  pure  copper  wire,  -^  inch  in  diameter,  would  be 
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about  0'00000141  of  a  second  per  metre,  or  its  conducting  power 
one  metre  per  0*00000141   of  a  second,  or   709220   metres  per 
second. 

40.     Electrostatic  Measure  of  the  Capacity  of  a  Conductor.  — 
The  electrostatic  capacity  of  a  conductor  is  equal  to  the  quantity 
of  electricity  with  which  it  can  be  charged  by  the  unit  electromotive 
force.     This  definition  is  identical  with   that  given  of  capacity 
measured  in  electro-magnetic  units  (26).     Let  s  be  the  capacity 
of  a  conductor,  q  the  electricity  in   it,  and  e  the  electromotive 
force  charging  it;    then 

q  =  se  ............................  (23) 

From  this  equation  we  can  see  that  the  dimension  of  the  quantity 
s  is  a  length  only.  It  will  also  be  seen  that 

s=v*S,  ..............................  (24) 

where  S  is  the  electro-magnetic  measure  of  the  capacity  of  the 
conductor  with  the  electrostatic  capacity,  s. 

The  capacity  of  a  spherical  conductor  in  an  open  space  is,  in 
electrostatic  measure,  equal  to  the  radius  of  the  sphere  —  a  fact 
demonstrable  from  the  fundamental  equation  (17). 

Experimentally  to  determine  s,  the  capacity  of  the  conductor 
in  electrostatic  measure,  charge  it  with  a  quantity,  q,  of  electricity, 
and  measure  in  any  unit  its  potential  (47),  e.  Then  bring  it  into 
electrical  connexion  with  another  conductor  whose  capacity,  sl}  is 
known.  Measure  the  potential,  e1}  of  s  and  slt  after  the  charge  is 
divided  between  them  ;  then 


and  hence  s=  -     -  &..  ...(25) 

e-  d 

In  this  measurement  we  do  not  require  to  know  e  and  e^  in 
absolute  measure,  since  the  ratio  of  these  two  quantities  only  is 
required.  We  must,  however,  know  the  value  of  sa;  and  hence  we 
must  begin  either  with  a  spherical  conductor  in  a  large  open  space, 
whose  capacity  is  measured  by  its  radius,  or  with  some  other  form 
of  absolute  condenser  alluded  to  in  the  following  paragraph. 

41.  Absolute  Condenser.  Practical  Measurement  of  Quantity. 
—  As  soon  as  the  electromotive  force  of  a  source  of  electricity  is 
known  in  electrostatic  measure,  the  quantity  which  it  will  produce 
in  the  form  of  charge  on  simple  figures  is  known  by  the  laws  of 
electrical  distribution  experimentally  proved  by  Coulomb.  Such 
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simple  figures  may  be  termed  absolute  condensers.  A  sphere  in  an 
open  space  is  such  a  condenser,  and  its  capacity  is  numerically 
equal  to  its  radius.  A  more  convenient  form  is  a  sphere  of  radius  #, 
suspended  in  the  centre  of  a  hollow  sphere,  radius  y,  the  latter 
being  in  communication  with  the  earth.  The  capacity,  s,  of  the 
internal  sphere  is  then,  by  calculation, 


.(26) 


y-x 

By  a  series  of  condensers  of  increasing  capacity,  we  may 
measure  the  capacity  of  any  condenser,  however  large.  The  com- 
parison is  made  by  the  method  described  above  (40).  Thus,  the 
practical  method  of  measuring  quantity  in  electrostatic  measure  is 
first  to  determine  the  capacity  of  the  conductor  containing  the 
charge,  and  then  to  multiply  that  capacity  by  the  electromotive 
force  producing  the  charge  (43). 

42.  Practical   Measurement   of  Currents. — The    electrostatic 
value  of  currents  can  be  obtained  from  equation  (21),  when  e  and  r 
are  known,  or  from  equation  (19),  when  v  and  G  are  known,  or  by 
comparison  with  a  succession  of  discharges  of  known  quantities 
from  an  absolute  condenser. 

43.  Practical    Measurement    of   Electromotive    Force. — The 
relations  expressed  by  eq.  (17)  and  (23)  show  that  in  any  given 
circumstances  the  force  exerted  between  two  bodies  due  to  the 
effects  of  statical  electricity  will  be  proportional  to  the  electro- 
motive force  or  difference  of  potential  (47)  between  them.     This 
fact    allows   us   to   construct   gauges    of  electromotive   force,   or 
instruments  so  arranged  that  a  given  electromotive  force  between 
two  parts  of  the  apparatus  brings  an  index  into  a  sighted  position. 
In  order  that  the  gauge  should  serve  to  measure  the  electromotive 
force  absolutely,  it  is  necessary  that  two  things  should  be  known : 
first,  the  distribution  of  the  electricity  over  the  two  attracting  or 
repelling  masses  (or,  in  other  words,  the  capacity  of  each  part) ; 
secondly,  the  absolute  force  exerted  between  them.     For  simple 
forms,  the  distribution  or  capacity  of  each  part  can  be  calculated 
from  the  fundamental  principles  (33);  the  force  actually  exerted 
can  be  weighed  by  a  balance.     By  these    means    Professor   W. 
Thomson*  determined  the  electromotive  force  of  a  Daniell's  cell  to 

*  Paper  read  before  the  Royal  Society,  February  1860.  Vide  Proceedings  of  the 
Royal  Society,  vol.  x.  p.  319,  and  Phil.  Mag.  vol.  xx.  4th  ser.  (1860),  p.  233. 
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be  0*0021  in  British  electrostatic  units,  or  0'0002951  in  metrical 
units,  or  0'002951  in  centimetrical  units.  This  proposition  is 
equivalent  to  saying  that  two  balls  of  a  metre  radius,  at  a  distance 
d  apart,  measured  in  metres,  in  a  large  open  space,  and  in  con- 
nexion with  the  opposite  poles  of  a  Daniell's  cell,  would  attract 
one  another  with  a  force  equal 

0-0002951x0-0002951    , 
to  -  —IT —  -  absolute  metrical  units, 

0-000000008876 

or  -         —7^ —       -  gramme  weight. 
ct 

An  apparatus  by  which  such  a  measurement  as  the  foregoing 
can  be  carried  out  is  called  an  absolute  electrometer.  It  will  be 
observed  that,  although  the  definition  of  electromotive  force  is 
founded  on  the  idea  of  work,  its  practical  measurement  is  effected 
by  observing  a  force,  inasmuch  as  when  this  force  exerted  between 
two  conductors  of  simple  shape  is  known,  the  work  which  the 
passage  of  a  unit  of  electricity  between  them  would  perform  may 
be  calculated  by  known  laws. 

44.  Comparison   of  Electromotive   Forces    by    their    Statical 
Effects. — This  comparison  is  simpler  than  the  absolute  measure- 
ment, inasmuch  as  it  is  not  necessary,  in  comparing  two  forces,  to 
know  the  absolute  values  of  either.     Instruments  by  which  the 
comparison  can  be  made  are  called  electrometers.     Their  arrange- 
ment is   of  necessity  such  that  the  force  exerted  between  two 
given   parts   of  the    instrument    shall    be    proportional    to    the 
difference   of   potential   between    them*.      This    force    may    be 
variable  and  measured  by  the  torsion  of  a  wire,  as  in  Thomson's 
reflecting  electrometer,  or  it  may  be  constant,  and  the  electro- 
motive forces  producing  it  may  be  compared  by  measuring  the 
distance  between  the  two  electrified  bodies  at  which  these  attract 
each  other  with  that  constant  force.     The  latter  arrangement  is 
adopted  in  Professor  Thomson's  portable   electrometer,  first  ex- 
hibited at  the  present  meeting  of  the  Association.     The  indications 
of  a  gauge  or  electrometer  not  in  itself  absolute  may  be  reduced 
to  absolute  measurement  by  multiplication  into  a  constant  co- 
efficient. 

45.  Practical  Measurement  of  Electric  Resistance. — The  elec- 
trostatic resistance  of  a  conductor  of  great  resistance   (such   as 

*  A  bifilar  suspension  is  now  used  (1872). 


124  PRACTICAL   STANDARDS 


gutta-percha  or  india-rubber)  might  be  directly  obtained  in  the 
following  manner:— Let  a  body  of  known  capacity,  s  (40),  be 
charged  to  a  given  potential,  P  (47),  and  let  it  be  gradually 
discharged  through  the  conductor  of  great  resistance,  r.  Let  the 
time,  t,  be  noted  at  the  end  of  which  the  potential  of  the  body 

has  fallen  to  p.     The  rate  of  loss  of  electricity  will  then  be 


t_  t 

Hence  p  =  Pe~*r  and  —  =  loge  P  .     Hence 

ST 


(27) 


P 
from  which  equation  r  can  be  deduced,  if  s,  t,  and  the  ratio  —  be 

known,  t  can  be  directly  observed,  s  can  be  measured  (40),  and  the 

p 
ratio  -  can  be  measured  by  an  electrometer  (44)  in  constant  con- 

nexion with  the  charged  body.  This  ratio  can  also  be  measured 
by  the  relative  discharges  through  a  galvanometer,  first,  im- 
mediately after  the  body  has  been  charged  to  the  potential  P,  and 
again  when,  after  having  been  recharged  to  the  potential  P,  it  has, 
after  a  time  t,  fallen  to  potential  p.  (This  latter  plan  has  long 
been  practically  used  by  Messrs  Siemens,  although  the  results 
have  not  been  expressed  in  absolute  measure.) 

Unfortunately,  in  those  bodies,  such  as  gutta-percha  and  india- 
rubber,  the  resistance  of  which  is  sufficiently  great  to  make  t  a 
measurable  time,  the  phenomenon  of  absorption  due  to  continued 
electrification*  so  complicates  the  experiment  as  to  render  it 
practically  unavailable  for  any  exact  determination.  The  apparent 
effect  of  absorption  is  to  cause  r,  the  resistance  of  the  material, 
to  be  a  quantity  variable  with  the  time  t;  and  the  laws  of  the 
variation  are  very  imperfectly  known. 

46.  Experimental  Determination  of  the  Ratio,  v,  between 
Electro-magnetic  and  Electrostatic  Measures  of  Quantity.  —  In 
order  to  obtain  the  value  of  v,  it  is  necessary  and  sufficient  that? 
we  should  obtain  a  common  electrostatic  and  electro-magnetic 
measure  of  some  one  quantity,  current,  resistance,  electromotive 
force  or  capacity.  There  are  thus  five  known  methods  by  which  the 
value  can  be  obtained  :  — 

*  Vide  Transactions  of  British  Association,  1859,  p.  248,  and  Report  of  the  Com- 
mittee of  Board  of  Trade  on  Submarine  Cables,  pp.  136  and  464. 
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(1)  By  a  common  measure  of  quantity.     Let  a  condenser  of 
known  capacity,  s,  be  prepared  (40).     Let  it  be  charged  to  a  given 
potential  P  (47).     Then  the  quantity  in  the  condenser  will  be 
sP  in  electrostatic  measure.     The  charge  can  next  be  measured 
by  discharge    through    a  galvanometer   (25)  in  electro-magnetic 
measure.     The  ratio  between  the  two  numbers  will  give  the  value 
of  v.     The  only  difficulty  in  this  method  consists  in  the  measure- 
ment of  the  potential  P,  entailing  the  measurement  of  an  absolute 
force  between  two  electrified  bodies.     This  method  was  proposed 
and  adopted  by  Weber*. 

(2)  By  a  comparison  of  the  measure  of  electromotive  force. 
The  electromotive  force  produced   by  a   battery,  in    electrostatic 
measure,  can  be  directly  weighed  (43).     Its  electromotive  force, 
in  electro-magnetic  measure,  can  be  obtained  from  the  current  it 
produces  in  a  given  resistance  (28).     The  ratio  of  the  two  numbers 
will  give  the  value  of  v.     The  method  has  been  carried  out  by 
Professor  W.  Thomson,  who  was  not,  however,  at  the  time  in  pos- 
session of  the  means  of  determining  accurately  either  the  absolute 
resistance  of  his  circuit  or  the  absolute  value  of  the  current f. 

(3)  By  a  common  measure  of  resistance.     We  know  (29  and 
45)  how  to  measure  resistances  in  electro-magnetic  and  electro- 
static measure.     The  ratio  between  these  measures  is  equal  to  v2. 
The  measure  of  resistance  in  electrostatic  measure  is  not  as  yet 
susceptible  of  great  accuracy. 

(4)  By  a  comparison  of  currents.    The  electro-magnetic  value 
of  a  current  produced  by  a  rapid  succession  of  discharges  from  a 
condenser  of  capacity  s  can  be  measured  (18,  19).     The  electro- 
static value  of  the  current  will  be  known  if  the  potential  to  which 
the  condenser  is  charged  be  known.     The  ratio  of  the  two  numbers 
is  equal  to  v. 

(5)  By  a  common  measure  of  capacity.     The  two  measure- 
ments can  be  effected  by  the  methods  given  (26  and  40).     The 
ratio  between  the  two  measurements  will  give  v2.     This  method 
would  probably  yield  very  accurate  results. 

*  Pogg.  Ann.,  Aug.  1856,  Bd.  xcix.  p.  10.  Abhandlungen  der  Kon.  Sdchsischen 
Gesellschaft,  Bd.  iii.  (1857)  p.  266. 

t  Paper  read  before  the  Royal  Society,  February  1860.  Vide  Proceedings  of  the 
Royal  Society,  vol.  x.  p.  319. 
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PART  V. — ELECTRICAL  MEASUREMENTS  DERIVED  FROM  THE  FIVE 
ELEMENTARY  MEASUREMENTS;  AND  CONCLUSION. 

47.  Electrical  Potential. — The  word  "potential,"  as  applied 
by  G.  Green  to  the  condition  of  an  electrified  body  and  the  space 
surrounding  it,  is  now  coming  into  extensive  use,  but  is  perhaps 
less  generally  understood  than  any  other  electrical  term.  Electric 
potential  is  defined  by  Prof.  W.  Thomson  as  follows*: — 

"  The  potential,  at  any  point  in  the  neighbourhood  of  or  within 
an  electrified  body,  is  the  quantity  of  work  that  would  be  required 
to  bring  a  unit  of  positive  electricity  from  an  infinite  distance  to 
that  point,  if  the  given  distribution  of  electricity  remained  un- 
altered." 

It  will  be  observed  that  this  definition  is  exactly  analogous  to 
that  given  of  magnetic  potential  (10),  with  the  substitution  of  the 
unit  quantity  of  electricity  for  the  unit  magnetic  pole.  (Analogous 
definitions  might  be  given  of  gravitation  potential,  heat  potential ; 
and  every  one  of  these  potentials  coexist  at  every  point  of  space 
quite  independently  one  of  the  other.)  In  another  paperf  Professor 
Thomson  describes  electric  potential  as  follows : — "  The  amount  of 
work  required  to  move  a  unit  of  electricity  against  electric  repulsion 
from  any  one  position  to  any  other  position  is  equal  to  the  excess 
of  the  electric  potential  of  the  first  position  above  the  electric 
potential  of  the  second  position." 

The  two  definitions  given  are  virtually  identical,  since  the 
potential  at  every  point  of  infinity  is  zero ;  and  it  will  be  seen 
that  the  difference  of  potential  defined  in  the  second  passage 
quoted  is  identical  with  what  we  have  called  the  electromotive 
force  between  the  two  points  (16  and  27). 

When,  instead  of  a  difference  of  potentials,  the  potential  simply 
of  a  point  is  spoken  of,  the  difference  of  potential  between  the 
point  and  the  earth  is  referred  to,  or,  as  we  might  say,  the  electro- 
motive force  between  the  point  and  the  earth. 

The  potential  at  all  points  close  to  the  surface  and  in  the 
interior  of  any  simple  metallic  body  is  constant;  that  is  to  say,  no 
electromotive  force  can  be  produced  in  a  simple  metallic  body  by 

*  Paper  read   before   the  British  Association,   1852.      Vide  Phil.  Mag.  1853 
p.  288. 

t  Paper  read  before  the  Royal  Society,  February  1860.     Vide  Proceedings  of 
the  Royal  Society,  vol.  x.  p.  334. 
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ere  electrical  distribution ;  the  potential  at  the  body  may  there- 
fore be  called  the  potential  of  the  body.  The  potential  of  a 
metallic  body  varies  according  to  the  distribution,  dimensions, 
position,  and  electrification  of  all  surrounding  bodies.  It  also 
depends  on  the  substance  forming  the  dielectric. 

In  any  given  circumstances,  the  potential  of  the  body  will  be 
simply  proportional  to  the  quantity  of  electricity  with  which  it  is 
charged;  but  if  the  circumstances  are  altered,  the  potential  will 
vary  although  the  total  amount  of  the  charge  may  remain 
constant. 

In  a  closed  circuit  in  which  a  current  circulates,  the  potential 
of  all  parts  of  the  circuit  is  different ;  the  difference  depends  on 
the  resistance  of  each  part  and  on  the  electromotive  force  of  the 
source  of  electricity,  i.e.  on  the  difference  of  potentials  which  it  is 
capable  of  causing  when  its  two  electrodes  are  separated  by  an 
insulator  or  dielectric.  The  different  parts  of  a  conductor  moving 
in  a  magnetic  field  are  maintained  at  different  potentials,  inas- 
much as  we  have  shown  that  an  electromotive  force  is  produced  in 
this  case.  The  potential  of  a  body  moving  in  an  electric  field 
(i.e.  in  the  neighbourhood  of  electrified  bodies)  is  constantly 
changing,  but  at  any  given  moment  the  potential  of  all  the  parts 
is  equal.  The  use  of  the  word  "potential"  has  the  following 
advantages :  it  enables  us  to  be  more  concise  than  if  we  were 
continually  obliged  to  use  the  circumlocution,  "electromotive  force 
between  the  point  and  the  earth  " ;  and  it  avoids  the  conception 
of  a  force  capable  of  generating  a  current,  which  almost  necessarily, 
although  falsely,  is  attached  to  "  electromotive  force." 

Equipotential  surfaces  and  lines  of  force  in  an  electric  field 
may  be  constructed  for  statically  electrified  bodies ;  these  surfaces 
and  lines  may  be  drawn  on  similar  principles  and  possess  analogous 
properties  to  those  described  in  a  magnetic  field  (10).  It  is  hardly 
necessary  to  observe  that  the  magnetic  and  the  electric  fields  are 
totally  distinct,  and  coexist  without  producing  any  mutual  influence 
or  interference. 

The  rate  of  variation  of  electric  potential  per  unit  of  length 
along  a  line  of  force  is  at  any  point  equal  to  the  electrostatic  force 
at  that  point,  i.e.  to  the  force  which  a  unit  of  electricity  placed 
there  would  experience.  The  unit  difference  of  potential  is  identical 
with  the  unit  electromotive  force ;  and  the  electrometer  spoken  of 
as  measuring  electromotive  force  measures  potentials  or  differences 
of  potential. 
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48.  Density,  Resultant  Electric  Force,  Electric  Pressure. — The 
three  following  definitions  are  taken  almost  literally  from  a  paper 
by  Professor  W.  Thomson*.     Our  treatise  would  be  incomplete 
without  reference  to  these  terms,  and  Professor  Thomson's  defini- 
tions can  hardly  be  improved. 

"  Electric  Density. — This  term  was  introduced  by  Coulomb  to 
designate  the  quantity  of  electricity  per  unit  of  area  in  any  part 
of  the  surface  of  a  conductor.  He  showed  how  to  measure  it, 
though  not  in  absolute  measure,  by  his  proof-plane. 

"  Resultant  Electric  Force. — The  resultant  force  in  air  or  other 
insulating  fluid  in  the  neighbourhood  of  an  electrified  body  is  the 
force  which  a  unit  of  electricity  concentrated  at  that  point  would 
experience  if  it  exercised  no  influence  on  the  electric  distributions 
in  its  neighbourhood.  The  resultant  force  at  any  point  in  the  air 
close  to  the  surface  of  a  conductor  is  perpendicular  to  the  surface, 
and  equal  to  birp,  if  p  designates  the  electric  density  of  the  surface 
in  the  neighbourhood. 

"  Electric  Pressure  from  the  Surface  of  a  Conductor  balanced 
by  Air. — A  thin  metallic  shell  or  liquid  film  (as,  for  instance,  a 
soap-bubble),  if  electrified,  experiences  a  real  mechanical  force  in 
a  direction  perpendicular  to  the  surface  outwards,  equal  in  amount 
per  unit  of  area  to  %7rp2,  p  denoting,  as  before,  the  electric  density 
at  the  part  of  the  surface  considered.  In  the  case  of  a  soap-bubble 
its  effect  will  be  to  cause  a  slight  enlargement  of  the  bubble  on 
electrification  with  either  vitreous  or  resinous  electricity,  and  a 
corresponding  collapse  on  being  perfectly  discharged.  In  every 
case  we  may  consider  it  as  constituting  a  deduction  from  the 
amount  of  air-pressure  which  the  body  experiences  when  un- 
electritied.  The  amount  of  deduction  being  different  in  different 
parts  according  to  the  square  of  the  electric  density,  its  resultant 
action  on  the  whole  body  disturbs  its  equilibrium,  and  constitutes 
in  fact  the  resultant  electric  force  experienced  by  the  body." 

49.  Tension. — The  use  of  this  word  has  been  intentionally 
avoided  by  us  in  this  treatise,  because  the  term  has  been  some- 
what loosely  used  by  various  writers,  sometimes  apparently  ex- 
pressing what  we  have  called  the  density,  and  at  others  diminution 
of  air-pressure.     By  some  writers  it  has  been  used  in  the  sense  of  a 
magnitude  proportional  to  potential   or  difference  of  potentials, 
but  without  the  conception  of  absolute  measurement,  or  without 

*  Paper  read  before  the  Royal  Society,  Feb.  1860.     Vide  Proc.  Roy.  Soc.  vol.  x. 
}..  :'.1'.»  (1860),  and  Phil.  Mag.  vol.  xx.  ser.  4  (1860),  p.  322. 
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reference   to   the   idea   of  work   essential   in   the   conception  of 
potential. 

50.  Conducting  Power,  Specific  Resistance,  and  Specific  Con- 
ducting Power. 

Conducting  Power,  or  Conductivity. — These  expressions  are 
employed  to  signify  the  reciprocal  of  the  resistance  of  any  con- 
ductor. Thus,  if  the  resistance  of  a  wire  be  expressed  by  the 
number  2,  its  conducting  power  will  be  0*5. 

Specific  Resistance  referred  to  unit  of  Mass. — The  specific 
resistance  of  a  material  at  a  given  temperature  may  be  defined  as 
the  resistance  of  the  unit  mass  formed  into  a  conductor  of  unit 
length  and  of  uniform  section.  Thus  the  specific  resistance  of  a 
metal  in  the  metrical  system  is  the  resistance  of  a  wire  of  that 
metal  one  metre  long  and  weighing  one  gramme.  If  the  centi- 
metre is  used  as  the  fundamental  unit,  the  specific  resistance  of  a 
metal  is  the  resistance  of  a  wire  of  that  metal  one  centimetre  long 
and  weighing  one  gramme. 

The  Specific  Conducting  Power  of  a  material  is  the  reciprocal  of 
its  specific  resistance. 

Specific  resistance,  referred  to  unit  of  volume,  is  the  resistance 
opposed  by  the  unit  cube  of  the  material  to  the  passage  of 
electricity  between  two  opposed  faces.  It  may  easily  be  deduced 
from  the  specific  resistance  referred  to  unit  of  mass,  when  the 
specific  gravity  of  the  material  is  known. 

Specific  Conducting  Power  may  also  be  referred  to  unit  of 
volume.  It  is  of  course  the  reciprocal  of  the  specific  resistance 
referred  to  the  same  unit. 

It  is  somewhat  more  convenient  to  refer  the  resistance  to  the 
unit  of  mass  in  the  case  of  long  uniform  conductors,  such  as  metal 
wires,  of  which  the  size  is  frequently  and  easily  measured  by  the 
weight  per  foot  or  metre  or  centimetre  ;  and  it  is,  on  the  other 
hand,  more  convenient  to  refer  to  the  unit  of  volume  bodies,  such 
as  gutta-percha,  glass,  etc.,  which  do  not  generally  occur  as  con- 
ducting-rods  of  uniform  section,  while  their  dimensions  can  always 
be  measured  with  at  least  as  much  accuracy  as  their  weights. 

51.  Specific  Inductive  Capacity*. — Faraday  discovered   that 
the  capacity  of  a  conductor  does  not  depend  simply  on  its  dimen- 
sions or   on   its   position   relatively  to  other  conductors,  but  is 
influenced  in  amount  by  the  nature  of  the  insulator  or  dielectric 

*  Experimental  Researches,  series  xi. 
B    A.  9 
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separating  it  from  them.  The  laws  of  induction  are  assumed  to 
be  the  same  in  all  insulating  materials,  although  the  amount 
be  different.  The  name  "inductive  capacity"  is  given  to  that 
quality  of  an  insulator  by  virtue  of  which  it  affects  the  capacity  of 
the  conductor  it  surrounds;  and  this  quality  is  measured  by 
reference  to  air,  which  is  assumed  to  possess  the  unit  inductive 
capacity.  The  specific  inductive  capacity  of  a  material  is  therefore 
equal  to  the  quotient  of  the  capacity  of  any  conductor  insulated  by 
that  material  from  the  surrounded  conductors,  divided  by  the 
capacity  of  the  same  conductor  in  the  same  position  separated 
from  them  by  air  only.  It  is  not  improbable  that  this  view  of 
induction  may  be  hereafter  modified. 

52.  Heat  produced  in  a  Conductor  by  a  Current. — The  work 
done  in  driving  a  current,  (7,  for  a  unit  of  time  through  a  conductor 
whose  resistance  is  R,  by  an  electromotive  force  E,  is  EC  =  RC2 
(§17).     This  work  is  lost  as  electrical  energy,  and  is  transformed 
into  heat.     As  Dr  Joule  has  ascertained  the  quantity  of  mechanical 
work  equivalent  to  one  unit  of  heat,  we  can  calculate  the  quantity 
of  heat  produced  in  a  conductor  in  a  given  time,  if  we  know  C  and 
R  in  absolute  measure.     In  the  series  of  units  founded  on  the 
centimetre,  gramme,  and  second,  if  we  call  the  total  heat  ©,  taking 
as  unit  the  quantity  required  to  raise  one  gramme  of  water  one 
degree  Centigrade,  we  have 

RCH  ( 

=  4157x104 (2 

If  the  metre  is  used  instead  of  the  centimetre  the  divisor  is 
4157 ;  and  in  the  British  system,  founded  on  feet,  grains,  and 
seconds,  with  a  unit  of  heat  equal  to  the  quantity  required  to  raise 
one  grain  one  degree  Fahrenheit,  the  divisor  is  24'861. 

53.  Electro-chemical  Equivalents. — Dr   Faraday  has   shown* 
that  when  an  electric  current  passes  through  certain  substances 
and  decomposes  them,  the  quantity  of  each  substance  decomposed 
is  proportional  to  the  quantity  of  electricity  which  passes.     Hence 
we  may  call  that  quantity  of  a  substance  which  is  decomposed  by 
unit  current  in  unit  time  the  electro-chemical  equivalent  of  that 
substance. 

This  equivalent  is  a  certain  number  of  grammes  of  the  sub- 
stance. The  equivalents  of  different  substances  are  in  the 

*  Experimental  Researches,  series  vii. 
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proportion  of  their  combining  numbers;  and  if  all  chemical 
compounds  were  electrolytes,  we  should  be  able  to  construct 
experimentally  a  table  of  equivalents  in  which  the  weight  of  each 
substance  decomposed  by  a  unit  of  electricity  would  be  given.  The 
electro-chemical  equivalent  of  water,  in  electro-magnetic  measure, 
is  about  0*02  in  the  British,  0'00092*  in  the  centimetrical  system, 
and  0*0092  in  the  metrical  system.  The  electro-chemical  equiva- 
lents of  all  other  electrolytes  can  be  deduced  from  this  measurement 
with  the  aid  of  their  combining  numbers. 

54.  Electromotive  Force  of  Chemical  Affinity. — When  two 
substances  having  a  tendency  to  combine  are  brought  together 
and  enter  into  combination,  they  enter  into  a  new  state,  in  which 
the  intrinsic  energy  of  the  system  is  generally  less  than  it  was 
before,  that  is,  the  substances  are  less  able  to  effect  chemical 
changes,  or  to  produce  heat  or  mechanical  action,  than  before. 

The  energy  thus  lost  appears  during  the  combination  as  heat 
or  electrical  or  mechanical  action,  and  can  be  measured  in  many 
cases  f. 

The  energy  given  out  during  the  combination  of  two  substances 
may,  like  all  other  forms  of  energy,  be  considered  as  the  product 
of  two  factors^ — the  tendency  to  combine,  and  the  amount  of 
combination  effected.  Now  the  amount  of  combination  may  be 
measured  by  the  number  of  electro-chemical  equivalents  which 
enter  into  combination;  so  that  the  tendency  to  combine  may  also 
be  ascertained  by  dividing  the  energy  given  out  by  the  number  of 
electro-chemical  equivalents  which  enter  into  combination. 

If  the  whole  energy  appears  in  the  form  of  electric  currents, 
the  energy  of  the  current  is  measured  by  the  product  of  the 
electromotive  force  and  the  quantity  of  electricity  which  passes. 
Now  the  quantity  of  electricity  which  passes  is  equal  to  the 
number  of  electro-chemical  equivalents  which  enter  on  either  side 
into  combination.  Hence  the  total  energy  given  out,  divided  by 
this  number,  will  give  the  electromotive  force  of  combination. 
Thus,  if  N  electro-chemical  equivalents  enter  into  combination 


*  -0009375  by  Weber  and  Kohlrausch. 

t  Eeport  British  Association,  1850,  p.  63,  and  Phil.  Mag.  vol.  xxxii.  ser.  3.  See 
papers  by  Prof.  Andrews,  and  Favre  and  Silbermann,  "  On  the  Heat  given  out  in 
Chemical  Action,"  Comptes  Rendus,  vols.  xxxvi.  and  xxxvu. 

I  See  Eankine,  "On  the  General  Law  of  Transformation  of  Energy,"  Phil. 
Mag.  1853. 
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under  a  chemical  affinity  I,  and  in  doing  so  give  out  energy  equal 
to  W,  either  as  heat  or  as  electrical  action,  then 

NI=W. 

But  if  W  be  given  out  as  electrical  action,  and  causes  a  quantity 
of  electricity  Q  to  traverse  a  conductor  under  an  electromotive 
force  E,  we  shall  have 


By  the  definition  of  electro-chemical  equivalents,  Q  =  N,  there- 
fore 


or  the  force  of  chemical  affinity  may  in  these  cases  be  measured 
as  electromotive  force. 

This  method  of  ascertaining  the  electromotive  force  due  to 
chemical  combination,  which  gives  us  a  clear  insight  into  the 
meaning  and  the  measurement  of  "chemical  affinity,"  is  due  to 
Professor  W.  Thomson*. 

The  field  of  investigation  presented  to  us  by  these  considera- 
tions is  very  wide.  We  have  to  measure  the  intrinsic  energy  of 
substances  as  dependent  on  volume,  temperature,  and  state  of 
combination.  When  this  is  done,  the  energy  due  to  any  combina- 
tion will  be  found  by  subtracting  the  energy  of  the  compound 
from  that  of  the  components  before  combination. 

As  the  tendency  to  increase  in  volume  is  measured  as  pressure, 
and  as  the  tendency  to  part  with  heat  is  measured  by  the  tem- 
perature, so  in  chemical  dynamics  the  tendency  to  combine  will  be 
properly  measured  by  the  electromotive  force  of  combination. 

55.     Tables  of  Dimensions  and  other  Constants-^:  — 

Fundamental   Units. 
Length  =  L.  Time  =  T.  Mass  =  M. 

Derived  Mechanical   Units. 
Work  =  W  =  ~^.         Force  =  F=~.         Velocity  =  V=  %  . 

"  On  the  Mechanical  Theory  of  Electrolysis,"  Phil.  Mag.  Dec.  1851. 
t  The  first  Table  of  Dimensions  was  given  by  Fourier,  Thtorie  de  la  Chaleur, 
p.  157. 
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Derived  Magnetical   Units. 

Strength  of  the  pole  of  a  magnet. . .  m  =  L%  T~l  M^ 

Moment  of  a  magnet ml  =  L%  T~ 1  M  % 

Intensity  of  magnetic  field    H  =  L~%  T  ~ l  M% 

Table  of  Dimensions. 
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Electrostatic  system 


Name  of  Quantity 


Sym- 
bol 


Dimensions 
of  unit 


Electro-magnetic 
system 


Sym- 
bol 


Ex***] 


{.I?M  T~2]     identical 


Electrostatic  Pair 

Quantity  of  electricity  q      [L%M^T~l]      Q 

Electromotive  force    e      \_L^M^T~^\      E 

Their      product  :      electrostatic 

energy  ...    j  [L^M 

Ratio  of  the  first  to  the  second : 
capacity  of  an  accumulator  ...  s  L^J  S 

Electro-magnetic  Pair 

Electro-magnetic  momentum  of 
a  circuit,  also  strength  of 
magnetic  pole m 

Strength  of  electric  current,  also  ;  I       3     i  ' 

magnetic  potential j     c      \L*M*  T  ~   1 1     C 

Their  product,  electrokinetic 
energy  j  ...  \_L 2M  T~*\  ...  \_L*M  T~ 2]  \  identical 

Ratio  of  the  first  to  the  second  : 
coefficient  of  electro-magnetic 
induction  of  two  circuits 

Pair  for  Conduction  and  Resistance 

Electromotive  force    e      \L*M%T~l]\    E 

Strength  of  electric  current c       \.L*M*T~'*\      C 

Their    product :    rate   at   which 

energy  is  transformed  into  heat  1    ...      [Z  M 

Ratio  of  the  first  to  the  second : 
resistance  of  a  conductor  |  r  [L~LT]  \  R 

\ 
I 


Number  of 
electrostatic 
units  in  one 


Dimensions   ;  ^ctro-mw 


of  unit 


netic  unit 


ra 


identical 
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All  men  of  science  are  agreed  to  use  the  second  of  mean  solar 
time  as  the  unit  of  time.  In  all  the  primary  quantities  the 
dimensions  of  M  are  the  same,  namely  J.  The  principal  differences, 
therefore,  are  in  the  dimensions  of  L. 

We  therefore  arrange  the  different  quantities  in  groups,  first, 
with  respect  to  the  dimensions  of  L,  and  then  with  respect  to  M 
and  T,  thus :— 


Electrostatic  system 

Electro-magnetic  system 

Dimension-? 

Group 

Moment  of  a  magnet  

IJM^T"1 

I 

Quantity  of  electricity  ... 

Strength  of  current    

Strength  of  magnetic  pole 
Electromotive  force 

Z^M^T"1 
L^M^T"'2 

}"• 

Strength  of  magnetic  pole 
Electromotive  force 

Quantity  of  electricity  .  .  . 
Strpnp"l"ri  of*  oiirrprif 

Z^Jf* 

jk  Kf\T~  * 

u 

Magnetic  intensity...     . 

/"I  Kf\  T~  ^ 

I 

Electric  force  and  electric 
induction  

Magnetic  force  and  mag- 

Z  —  2  ~M\  T~  1 

) 

Density  of  electric  current 
Magnetic  induction    

Electric  induction  

jrijrir-' 

L~*M% 

[iv. 
I 



Density  of  electric  current 

L-%M^T~I 

I   V' 

The  Electrostatic  and  Electro-magnetic  System  of  Units. 

The  electrostatic  system  begins  with  the  definition  of  the  unit 
of  electricity,  as  determined  by  the  mechanical  force  between  two 
electrified  bodies. 

The  electro-magnetic  system  begins  with  the  definition  of  the 
strength  of  a  unit  magnetic  pole,  as  determined  by  the  mechanical 
force  between  two  poles. 

The  form  of  the  definition  is  precisely  the  same  in  both  cases. 
Hence  the  electrostatic  unit  of  electricity  is  of  the  same  dimensions 
as  the  electro-magnetic  unit  magnetic  pole,  and  the  series  of 
derived  units  of  the  one  system  form  a  series  having  respectively 
the  same  dimensions  as  another  series  belonging  to  the  other 
system. 


\ 
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The  most  instructive  method  of  exhibiting  the  relations  of 
these  quantities  is  to  arrange  them  in  pairs,  the  product  of  each 
pair  being  either  a  quantity  of  mechanical  energy,  or  the  work 
done  in  unit  of  time,  or  energy  existing  in  unit  of  volume,  or 
work  done  in  unit  of  volume  in  unit  of  time.  The  ratio  of  the 
two  quantities  is  in  several  cases  a  quantity  of  importance  in 
electrical  science. 

Let  v  be  the  ratio  of  the  electro-magnetic  to  the  electrostatic 
unit  of  quantity  (35  and  46) ;  then  v  =  310,740,000  metres  per 
second  approximately,  and  we  have 


e  =  - 

v 


r  =  — 


Table  for  the  Conversion  of  British  (foot-grain-second)  System  to 
Centimetrical  (centimetre- gramme-second)  System. 


Number  of 
centimetrical  units 
contained  in  a 
British  unit 

Number  of 
British  units 
contained  in  a 
centimetrical  unit 

(1)  for  M... 

0-0647989 

1  5/43235 

(2)  for  Z,  -,  R,  -  and  V       

30*47945 

•03280899 

(3)  for  F  (also  for  foot-grains  and 
centimetre-grammes)  

1-97504 

•506320 

(4)  for  W 

60-198 

•01661185 

(5)  for    H    and    electro-chemical 
equivalents  .... 

•0461085 

21-6880 

(6)  for  Q,  C,  and  e  

1-40536 

•711561 

(7)  for  E,  m,  q,  and  c    

42-8346 

•0233456 

(8)  for  heat 

0-0359994 

27*7782 

1  volt  =  108  absolute  units  of  electromotive  force. 

1  ohm ==  109  centimetres  per  second. 

„     =  3-2809  x  107  feet  per  second. 

„      =  1  quadrant  of  the  meridian  through  Paris  per 

second. 

v  =31'074  ohms  by  Weber  and  Kohlrausch. 

„  =  28'2  ohms  by  Thomson. 

„  =  28'8  ohms  by  Maxwell. 

Velocity  of  light  =  29"8  ohms  by  Foucault. 
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The  intensity  of  gravity  at  many  different  stations  has  been 
determined  by  experiment.  Where  it  has  not  been  so  determined, 
it  may  be  calculated  by  the  formula 


s  2\)  jl  -  (2  -  |^-)-l  , 


g  =  G  (1  -  0-0025659  cos 

(  z  p/r 

where  g  denotes  the  intensity  of  gravity  at  the  station. 

G  the  intensity  of  gravity  at  latitude  45°  at  the  level  of  the 
sea. 

G  =  980-533  centimetres,  or  32-1703  feet. 

X  is  the  latitude  of  the  station. 

The  last  factor  is  a  correction  for  the  height  of  the  station. 

z  is  the  height  of  the  station  in  centimetres  or  feet. 

r  is  the  mean  radius  of  the  earth. 

r  =  636,619,800  centimetres,  or  20,886,852  feet;  p  is  the  mean 
density  of  the  earth,  about  5'5  times  that  of  water;  p  is  the 
mean  density  of  the  hill  on  which  the  station  is  placed.  If  we 
suppose  this  about  half  the  density  of  the  earth  as  a  whole,  the 
factor  for  correction  due  to  height  becomes 

1-  1-32  -,  nearly. 

British  System.  —  Relation  between  Absolute  and  other  Units. 

One  absolute  unit  of  I  f°rcf  =  0'0310666  Weight  °f  a  ^rain  I  in 

I  work  foot-grains  j 

London. 


(  force. 
(  work. 

One  absolute  unit  of  (f°rce  =  1  1  unit  wei?ht 

(  work      g  (  unit  weight  x  unit  length 
everywhere. 

g  in  British  system  =  32'08S  (1  +  0*005133  sin2  X),  where 
X  =  the  latitude  of  the  place  at  which  the  observation  is  made. 

Heat.—  The  unit  of  heat  is  the  quantity  required  to  raise  the 
temperature  of  one  grain  of  water  at  its  maximum  density  1° 
Fahrenheit. 

Absolute  mechanical  equivalent  of  unit  of  heat  =  24861  =  772 
foot-grains  at  Manchester. 
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Thermal  equivalent  of  an  absolute  unit  of  work  =  0*000040224. 
Thermal  equivalent  of  a  foot-grain  at  Manchester  =  0'0012953. 
Electro-chemical  equivalent  of  water  =  0'02,  nearly. 


Centimetrical  System. — Relation  between  Absolute  and  other  Units. 

One  absolute  unit  of  {  forof  =  0-0010195  wd«ht  of  ag™e  I 
{ work  centimetre-gramme ) 

at  Paris. 

A     -r,    .     f  the  weight  of  a  gramme  .        „ 

At  Pans  \  =  980-868  absolute  units  of 

( or  centimetre-gramme 

j  force. 
( work. 

-  f  force      1  unit  weight  ] 

One  absolute  unit  oil        i  =~       -A  •-    i       .1    r 

[  work      g  unit  weight  x  unit  length  J 

everywhere. 

g  in   metrical   system  =  978'024  (1  +  0'005133  sin2  X),  where 
X  =  the  latitude  of  the  place  where  the  experiment  is  made. 

Heat. — The  unit  of  heat  is  the  quantity  required  to  raise  one 
gramme  of  water  at  its  maximum  density  1°  Centigrade. 

Absolute  mechanical  equivalent  of  the  unit  of  heat 
=  4157*25  x  104  =  42354*2  centimetre-grammes  at  Manchester 
Thermal  equivalent  of  an  absolute  unit  of  work 

-0-00024054  x  10~4. 
Thermal  equivalent  of  a  centimetre-gramme  at  Manchester 

=  0-0000236154. 

Electro-chemical  equivalent  of  water  =  0"00092,  nearly. 
1  horse-power  =  33,000  foot-pounds  per  minute. 
„  =  14*732  foot-tons  per  minute. 

„  =456,233,300   centimetre-gramme    weight    per 

minute. 
„  =  7,603,388*8    centimetre-gramme    weight    per 

second. 
„  =  7,462,455,683    absolute    units    of    work    per 

second. 

„  =  746  x  107  absolute  units  of  work  per  second 

approximately. 

Electromotive    force   of  one   Daniell's   cell,   as   estimated   by 
Thomson  in  1851, 

=  107  x  106  absolute  units. 
=  1-07  volt. 
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And  1  volt  through  1  ohm  decomposes 

108 
0-00092  x  -r-9=  '000092  gramme 

of  water  per  second,  and  hence  decomposes 

S\   K 

0-000092  x  5_  =  -000332  gramme 

lo 


of  zinc  per  second  =  ^^  gramme  per  second  very  nearly,  =  28'8 
grammes  per  day  approximately. 

Z/72 

Activity  =  rate  of  doing  work  =  -g-  for  a  galvanic  element. 

=  107  for  1  volt  through  1  ohm. 

Or  1  volt-ohm  uses  -gfa  gramme  of  zinc,  and  does  107  absolute 
units  of  work  per  second. 

1  horse-power  =  746  volt-ohms,  and  is  equivalent  to  the  con- 
sumption of  37F43Bo  grammes  of  zinc  per  second  in  a  Daniell's  battery, 
or  895'2  grammes  per  hour,  or  21  J  kilogrammes  per  day,  very 
nearly. 

Table  for  the  Conversion  of  British  (foot-grain-second)  System  to 
Metrical  (metre-gramme-second)  System. 


Number  of 
metrical  units 
contained  in  a 
British  unit 

Log. 

Log. 

Number  of 
British  units 
contained  in  a 
metrical  unit 

(l)or  M... 

0-0647989 

2-8115678 

1-1884321 

15*43235 

(2)  for  L,\,R,\  and  V  

(3)  for  F  (also  for  foot-grains 
and  metre-grammes)  
(4)  for  If  

0-3047945 

0-0197504 
0-0060198 

1-4840071 

2-2955749 
3-7795820 

0-5159929 

1-7044250 
2*2204179 

3-280899 

50-6320 
166'1185 

(5)  for  /if  and  electro-chemical 
equivalents  

0*461085 

T  -6637804 

0-3362196 

2*16880 

(6)  for  Q,  C\  and  e 

0-140536 

1*1477874 

0-8592125 

7-1  1  "ifil 

(7)  for  E,  m,  q,  and  c 

0*0428346 

26317949 

1  -"3882051 

9*V}4."ifi 

(8)  for  heat    

0*0359994 

2*5562953 

1  -44^7046 

97-7789 

Metrical  System. — Relation  between  Absolute  and  other  Units. 

One  absolute  unit  of  j  forf  =  0-10195  WeiSht  °f  a  Sramme  I  at 

(work  metre-gramme  j 

Paris. 
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.    f  the  weight  of  a  gramme 

At  Paris  \  =  9-80868  absolute  units  of 

(  or  metre-gramme 

J  force. 
}  work. 

.  (  force      1  unit  weight  ) 

One  absolute   unit  of  \        ,   =-  .     .       ,.   }• 

( work      g  unit  weight  x  unit  length  J 

everywhere. 

g  in  metrical  system  =  978024  (1  +  0005133  sin2  X),  where 
X  =  the  latitude  of  the  place  where  the  experiment  is  made. 

Heat. — The  unit  of  heat  is  the  quantity  required  to  raise  one 
gramme  of  water  at  its  maximum  density  1°  Centigrade. 

Absolute  mechanical  equivalent  of  the  unit  of  heat 

=  4157'25  =  423'542  metre-grammes  at  Manchester. 

Thermal  equivalent  of  an  absolute  unit  of  work  =  0*00024054. 
Thermal  equivalent  of  a  metre-gramme  at  Manchester 

=  0-00236154. 
Electro-chemical  equivalent  of  water  =  0*0092  nearly. 

56.  Magnitude  of  Units  and  Nomenclature. — In  connexion 
with  the  system  of  measurement  explained  in  this  treatise,  two 
points  hitherto  unmentioned  deserve  attention — first,  the  absolute 
magnitude  of  the  units,  and,  secondly,  the  nomenclature. 

The  absolute  magnitude  is  in  most  cases  an  inconvenient  one, 
leading  to  the  use  either  of  exceedingly  small  or  exceedingly  large 
numbers.  Thus  the  units  of  electro-magnetic  resistance  and 
electromotive  force  and  quantity,  and  of  electrostatic  currents,  are 
inconveniently  small ;  the  unit  of  electrostatic  resistance  is  incon- 
veniently large.  Decimal  multiples  and  submultiples  of  these 
units  will  therefore  probably  have  to  be  adopted  in  practice.  The 
choice  of  these  multiples  and  submultiples  forms  part  of  the 
business  of  the  Committee. 

The  nomenclature  hitherto  adopted  is  extremely  defective. 
In  referring  to  each  measurement,  we  have  to  say  that  the  number 
expresses  the  value  in  electrostatic  or  electro-magnetic  absolute 
units :  if  a  multiple  is  to  be  used,  this  multiple  will  also  have  to 
be  named ;  and  further,  the  standard  units  of  length,  mass,  and 
time  have  to  be  referred  to,  inasmuch  as  some  writers  use  the 
pound  and  some  the  grain,  some  the  metre  and  some  the  milli- 
metre, as  fundamental  units.  This  cumbrous  diction,  and  the  risk 
of  error  imported  by  it,  would  be  avoided  if  each  unit  received  a 
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short  distinctive  name  in  the  manner  proposed  by  Sir  Charles 
Bright  and  Mr  Latimer  Clark,  in  a  paper  read  before  the  British 
Association  at  Manchester,  1861. 

APPENDIX  D.— Description  of  an  Experimental  Measurement  of 
Electrical  Resistance,  made  at  King's  College.  By  Professor 
J.  CLERK  MAXWELL  and  Messrs  BALFOUR  STEWART  and 
FLEEMING  JENKIN.  (PARTS  I,  III,  and  IV,  by  Professor 
MAXWELL.  PART  II,  by  Mr  FLEEMING  JENKIN.) 

pART  i. GENERAL  DESCRIPTION  OF  THE  METHOD  EMPLOYED. 

In  the  general  Report  of  the  Committee,  and  in  Appendix  C, 
it  has  already  been  shown  that  the  most  important  aid  to  the 
exact  science  of  electricity  would  be  the  determination  of  the 
resistance  of  a  wire  in  absolute  measure,  and  the  duplication  of 
standards  of  resistance  derived  from  this  wire.  This  has  already 
been  done  by  Weber*;  but  it  is  desirable  that  the  determination 
of  a  quantity  so  important  should  not  be  left  in  the  hands  of  a 
single  person. 

Weber  has  employed  two  methods. 

1st.  By  suddenly  turning  a  coil  of  wire  about  an  axis  so  as  to 
alter  its  position  relatively  to  the  terrestrial  magnetic  lines  of 
force,  he  produced  an  electromotive  force  acting  for  a  short  time 
in  the  coil.  This  coil  was  connected  with  another  fixed  coil  having 
a  magnet  suspended  in  its  centre.  The  current  generated  by  the 
electromotive  force  passed  through  both  coils  and  gave  the  magnet 
a  sudden  impulse,  the  amount  of  which  was  measured  by  its 
extreme  deflection. 

Thus  an  electromotive  force  of  short  duration  produced  a 
current  of  short  duration.  The  total  amount  of  electromotive 
force  depended  on  the  size  of  the  movable  coil  and  on  the  intensity 
of  terrestrial  magnetism.  The  total  amount  of  the  current  is 
measured  by  the  impulse  given  to  the  magnet,  and  the  mechanical 
value  of  the  impulse  is  measured  by  the  angle  through  which  it 
swings.  The  resistance  of  the  whole  circuit,  consisting  of  both 
coils,  is  then  ascertained  by  dividing  the  electromotive  force  by 
the  current. 

*  Pogg.  Ann.  Bd.  Ixxxii.  p.  337  (March  1851) ;  Electrische  Maasbestimmungen, 
Leipzig,  Wiedemann  ;  Memoirs  of  the  Royal  Society  of  Sciences  of  Saxony,  vol.  i. 
p.  197  ;  and  Phil.  Mag.  1801. 
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2nd.  Weber's  second  method  consisted  in  causing  a  powerful 
magnet  to  oscillate  within  a  coil  of  wire.  By  the  motion  of  the 
magnet  currents  are  produced  in  the  coil,  and  these,  reacting  on 
the  magnet,  retard  its  motion.  The  rate  of  diminution  of  the 
amplitude  of  the  oscillations,  when  compared  with  the  rate  of 
diminution  when  the  circuit  is  broken,  affords  the  means  of  deter- 
mining the  resistance  of  the  circuit. 

Professor  W.  Thomson  has  designed  an  apparatus  by  which 
the  resistance  of  a  coil  can  be  determined  in  electro- magnetic 
measure  by  the  observation  of  the  constant  deflection  of  a  magnet, 
and  his  arrangement  has  been  adopted  for  the  experiments  made 
by  the  Committee. 

The  coil  of  wire  is  made  to  revolve  about  a  vertical  diameter 
with  constant  velocity.  The  motion  of  the  coil  among  the  lines 
of  force  due  to  the  earth's  magnetism  produces  induced  currents 
in  the  coil  which  are  alternately  in  opposite  directions  with  respect 
to  the  coil  itself,  the  direction  changing  as  the  plane  of  the  coil 
passes  through  the  east  and  west  direction.  If  we  consider  the 
direction  of  the  current  with  respect  to  a  fixed  line  in  the  east 
and  west  direction,  we  shall  find  that  the  changes  in  the  current 
are  accompanied  with  changes  in  the  face  of  the  coil  presented  to 
the  east,  so  that  the  absolute  direction  of  the  current,  as  seen  from 
the  east,  remains  always  the  same.  If  a  magnet  be  suspended  in 
the  centre  of  the  coil,  it  will  be  deflected  from  the  north  and 
south  line  by  the  action  of  these  currents,  and  will  be  turned  in 
the  same  direction  as  the  coil  revolves.  The  force  producing  this 
deflection  is  continually  varying  in  magnitude  and  direction ;  but 
as  the  periodic  time  is  small,  the  oscillations  of  the  magnet  may 
be  rendered  insensible  by  increasing  the  mass  of  the  apparatus 
along  with  which  it  is  suspended.  The  resistance  of  the  coil  may 
be  found  when  we  know  the  dimensions  of  the  coil,  the  velocity 
of  rotation,  and  the  deflection  of  the  magnet.  The  intensity  of 
terrestrial  magnetism  enters  into  the  measurement  of  the  electro- 
motive force,  and  also  into  the  measurement  of  the  current ;  but 
the  measure  of  the  resistance,  which  is  the  ratio  of^  these  two 
quantities,  is  quite  independent  of  the  value  of  the  magnetic 
intensity. 

PART  II. — DESCRIPTION  OF  THE  APPARATUS. 

For  convenience  of  description,  the  apparatus  with  which  the 
experiments  were  made  may  be  divided  into  five  parts : — (1)  the 
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driving  gear ;  (2)  the  revolving  coil ;  (3)  the  governor ;  (4)  the  scale, 
with  its  telescope,  by  which  the  deflections  of  the  magnet  were 
observed ;  (5)  the  electric  balance,  by  which  the  resistance  of  the 
copper  coil  was  compared  with  a  German-silver  arbitrary  standard. 

The  general  arrangement  of  the  first  four  parts  is  shown  in  the 
diagram,  fig.  4,  Plate  2. 

The  driving  gear  consisted  of  a  leaden  fly-wheel  X,  on  a  shaft 
A,  turned  by  hand,  and  communicating  its  motion  by  a  band, 
&£>!&.,...,  arranged  in  a  way  equivalent  to  Huyghens's  gearing,  to  a 
shaft  B,  a  pulley  on  which  drove  the  revolving  coil  by  a  simple 
band  aa^a^....  The  arrangement  of  the  band  66]62...  communi- 
cating the  motion  of  shaft  A  to  shaft  B  may  be  easily  understood 
from  the  diagram.  GC  are  two  guide-pulleys  running  loose  on 
pins  attached  to  the  main  framing.  DD  are  two  loose  pulleys 
maintained  at  a  constant  distance  by  the  strut  E,  to  which  the 
weight  W  is  hung. 

When  the  rotation  of  shaft  B  is  opposed  by  a  sufficient  resist- 
ance, the  effect  of  turning  the  fly-wheel  in  the  direction  shown  by 
the  arrow  is  to  lift  the  weight  W  from  the  ground,  tending  to 
turn  the  shaft  B  with  a  definite  force,  which  will  be  sensibly 
constant  so  long  as  the  weight  is  kept  off  the  ground  and  the 
band  bb^...  remains  unaltered  in  length.  Wherever,  as  in  the 
present  experiments,  the  resistance  increases  with  the  speed  of 
rotation,  the  speed  of  the  driving-wheel  can  easily  be  regulated  by 
hand,  so  as  to  keep  the  weight  from  falling  so  low  as  to  touch  the 
ground,  or  rising  so  high  as  to  foul  the  gear;  and  thus,  with  a  little 
care,  a  constant  driving  force  can  be  applied  to  the  shaft  B  and  to 
the  machinery  connected  with  it. 

The  revolving  coil  formed  the  most  important  part  of  the 
apparatus.  It  is  shown  one-fifth  full  size  in  figs.  1  and  2,  PL  2. 

A  strong  brass  frame,  HH,  was  bolted  down  by  three  brass 
bolts,  FFF,  dowelled  into  a  heavy  stone.  It  could  be  accurately 
levelled  by  three  stout  screws,  GGG.  The  brass  rings,  //',  on 
which  the  insulated  copper  wire  was  coiled,  were  supported  on  the 
frame  by  a  pivot,  J,  working  in  lignum  vitse,  and  by  a  hollow 
bearing,  K ,  working  in  brass :  this  bearing  worked  in  a  kind  of 
stuffing-box,  k  (fig.  3),  which,  by  three  screws  and  a  flat  spring 
washer  between  it  and  the  frame  at  /,  could  be  adjusted  to  fit  the 
collar  e  with  great  nicety,  preventing  all  tendency  to  bind  or  shake. 
Supported  in  this  way  the  coil  revolved  with  the  utmost  freedom 
and  steadiness. 
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The  coil  of  copper  wire  was  necessarily  divided  into  two  parts 
on  the  two  rings  //',  to  permit  the  suspension  of  the  magnet  S. 
The  two  brass  rings  were  each  formed  of  two  distinct  halves, 
insulated  from  one  another  by  vulcanite  at  the  flanges//7.  This 
insulation  was  necessary  to  prevent  the  induction  of  currents  in 
the  brass  rings.  These  rings,  after  being  bolted  together,  were 
turned  with  great  accuracy  by  Messrs  Elliott  Brothers.  The 
insulated  copper  wire  was  wound  in  one  direction  on  both  rings ; 
the  inner  end  of  the  second  was  soldered  to  the  outer  end  of  the 
first ;  the  two  extreme  ends  of  the  conductor  thus  formed  were 
soldered  to  two  copper  terminals,  h  h',  insulated  by  the  vulcanite 
piece,  x,  bolted  to  the  brass  rings.  Each  terminal  was  provided 
with  a  strong  copper  binding-screw,  and  had  a  mercury-cup  drilled 
into  its  upper  surface.  The  two  coils  could  be  joined,  so  as  to 
form  a  closed  circuit,  by  a  short  copper  bar  between  the  binding- 
screws.  The  bars,  binding-screws,  and  nuts  were  amalgamated 
to  ensure  perfect  contact.  When  the  copper  coils  were  to  be  con- 
nected with  the  electric  balance,  the  short  copper  bar  was  removed 
and  the  required  connexions  were  made  by  short  copper  rods,  one- 
quarter  of  an  inch  in  diameter,  dipping  at  one  end  into  the 
mercury-cup  on  the  terminals  hh',  and  at  the  other  end  into  the 
mercury-cups  of  the  electric  balance.  The  absence  of  all  induced 
currents  influencing  the  suspended  magnet  when  the  circuit  was 
broken  at  h  h'  was  repeatedly  proved  by  experiment. 

Rotation  was  communicated  to  the  coils  by  a  catgut  band 
simply  making  half  a  turn  round  the  small  V-pulley  I  The  band 
could  be  tightened  as  required  by  the  jockey-pulley  z  and  weight 
w  (fig.  4). 

A  short  screw  of  large  diameter,  n,  gearing  into  a  spur-wheel 
of  one  hundred  teeth,  o,  formed  the  counter  from  which  the  speed 
of  rotation  was  obtained^  as  follows: — A  pin,  p,  on  the  wheel  o 
lifted  the  spring  q  as  it  passed ;  this  spring  in  its  rebound  struck 
the  gong  M.  The  blow  was  of  course  repeated  at  every  hundred 
revolutions,  and  the  time  of  each  blow  was  observed  on  a  chrono- 
meter. The  arrangement  was  equally  adapted  for  rotation  in 
either  direction. 

A  second  V-pulley,  r,  served  for  the  band  c  c,  communicating 
motion  to  the  governor  by  which  the  speed  was  controlled. 

The  manner  in  which  the  suspended  magnet  was  introduced  to 
the  centre  of  the  coil  is  best  seen  in  fig.  3.  A  brass  tripod,  N, 
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bolted  to  the  main  frame,  supported  the  long  brass  tube  0,  which 
passed  freely  through  the  hollow  bearing  at  K.  A  cylindrical 
wooden  box,  P,  slipped  on  to  the  end  of  the  tube  0.  The  magnet 
hung  inside  this  box,  the  lower  part  of  which  could  be  removed 
to  allow  the  exact  position  of  the  magnet  to  be  verified.  The 
support  N  also  carried  a  short  brass  tube  R,  on  which  the  glass 
case  T  could  be  secured  by  a  little  sliding  tube.  The  mirror  t, 
attached  to  the  magnet  S  by  a  rigid  brass  wire,  hung  inside  this 
glass  case  by  a  single  cocoon-fibre  about  eight  feet  long.  This 
fibre  was  protected  against  currents  of  air  by  a  wooden  case  (not 
shown  in  the  Plate),  extending  from  the  point  of  support  down  to 
the  glass  case.  A  little  sliding  paper  prolongation  of  the  wooden 
case  made  it  nearly  wind-proof  by  fitting  at  the  bottom  against 
the  main  brass  frame.  An  opening  in  the  case  allowed  the  mirror 
to  be  seen.  The  fibre  at  the  top  was  suspended  from  a  torsion- 
head,  by  which  it  could  be  turned;  it  could  also  be  raised  and 
lowered  by  a  small  barrel,  and  was  adjustable  in  a  horizontal  plane 
by  three  set  screws.  The  care  taken  in  suspending  the  magnet 
and  in  protecting  it  both  against  currents  of  air  and  vibration  was 
repaid  by  success,  for  the  image  of  the  scale  reflected  in  the  magnet 
was  as  clear  and  steady  when  the  coil  was  making  400  revolutions 
per  minute  as  when  it  was  at  rest. 

The  governor  used  was  lent  by  one  of  the  Committee  and  will 
not  be  described  in  detail,  as  an  improved  governor  on  the  same 
principle  will  be  adopted  in  future  experiments,  in  describing 
which  an  account  of  its  construction  will  be  given.  It  may  be 
said,  however,  that  the  little  instrument  actually  employed 
generally  controlled  the  speed  to  such  uniformity  as  allowed  the 
deflections  to  be  observed  with  as  much  accuracy  as  the  zero-point. 

The  scale  and  telescope  hardly  require  special  description; 
they  were  arranged  in  the  usual  manner  for  this  kind  of  experi- 
ment, at  about  three  metres  from  the  mirror.  The  scale  was  an 
engine-divided  paper  scale  nailed  to  a  wooden  bar.  This  plan  will 
in  future  experiments  be  abandoned,  as  variations  in  the  weather 
had  a  very  perceptible  influence  on  the  scale. 

The  annexed  (p.  145)  diagram  shows  the  electric  balance  by 
which  the  copper  coil  C  was  compared  with  an  arbitrary  German- 
silver  standard  8  before  and  after  each  induction  experiment. 
The  arrangement  is  that  of  the  ordinary  Wheatstone's  balance,  as 
described  in  Appendix  H  of  the  Report  of  your  Committee  for 
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1862.  A  and  C  represent  the  arms  of  the  balance  as  there 
described,  S  the  German-silver  standard,  and  R  the  copper  coil  to 
be  measured.  J  J\,  H HI,  M Ml}  and  L  L±  are  four  stout  copper 
bars  with  mercury-cups  at  aa^...,  bb^...,  cc1}  and  ddl.  Two 
short  copper  rods,  F  and  J^,  can  be  used  to  connect  a  with  6  and  c 
with  d.  When  this  is  done  the  arrangement  is  exactly  that  of  the 
simple  Wheatstone  balance  with  the  keys  at  K  and  K^,  and 
described  in  Appendix  H  of  the  last  Report.  A  and  C  were  coils 
formed  of  about  300  inches  of  No.  31*  German-silver  wire,  and 
were  adjusted  to  equality  with  extreme  nicety,  and  each  assumed 
equal  to  100  arbitrary  units.  If  R  on  any  occasion  had  been 
exactly  equal  to  S,  the  galvanometer  G'  would  have  been  un- 
affected on  depressing  the  keys  KKlt  when  a  was  joined  to  b  and 
c  to  d  by  F  and  Fl}  rods  of  no  sensible  resistance.  This  exact 
equality  between  R  and  S  could  never  be  obtained,  owing  to 
slight  changes  in  temperature,  which  affected  the  two  coils  very 


differently.  The  object  of  the  modifications  introduced  was  to 
allow  the  ratio  between  S  and  R,  differing  by  a  small  amount  only, 
to  be  measured  with  great  accuracy. 

For  this  purpose  a  number  of  German -silver  coils  were  adjusted, 
representing  1,  2,  4,  8... 512  in  the  arbitrary  units,  equal  to  the 
hundredth  part  of  A  or  C.  These  coils  were  so  arranged  that  any 
one  or  more  of  them  could  be  introduced  between  the  bars  HHl 

*  Diameter  =0-01  inch. 

10 


B.  A. 
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and  JJl.  A  single  coil,  equal  to  1  in  the  same  arbitrary  unit, 
could  be  introduced  between  the  bars  LL^  and  MM\.  In  the 
diagram  this  coil  is  shown  in  its  position  and  the  rod  F1  withdrawn. 
Similarly  F  is  withdrawn  from  between  H  and  G',  and  the  coil  1 
joins  «!  and  6a  in  the  bars  HHl  and  JJlt  If  no  other  coils  were 
placed  between  HH1  and  JJl}  the  arms  of  the  balance  would  now 
be  101  and  101  respectively,  instead  of  100  and  100;  but  the 
ratio  would  still  be  that  of  equality.  Let  us  now  suppose  that, 
when  the  circuit  with  the  battery  is  completed,  the  galvanometer 
by  its  deflection  shows  that  R  is  bigger  than  S,  we  can  reduce  the 
resistance  of  the  arm  between  D  and  F  by  various  small  graduated 
and  definite  amounts  by  introducing  the  coils  2,  4,  8,  etc.  between 
HH^  and  JJl.  Let  us  first  suppose  the  coil  2  introduced.  The 
resistance  between  H  and  J  will  be  the  reciprocal  of  1*5  or  0*6667; 
for  where  various  resistances  are  added  in  multiple  arc,  the  re- 
sistance of  the  compound  arc  is  the  reciprocal  of  the  sum  of  their 
conducting  powers,  and  the  conducting  power  of  a  wire  is  the 
reciprocal  of  its  resistance.  The  ratio  between  the  two  arms  will 
now  be  101  : 100*6667.  Let  us  suppose  that  on  completing  the 
circuit  the  galvanometer  still  deflects  in  the  same  direction  as 
before,  the  arm  between  D  and  Y  must  be  still  further  reduced  by 
including  fresh  coils  between  HH^  and  JJlt  It  is  very  easy  by 
trial  to  find  the  combination  which  maintains  the  galvanometer  at 
zero  when  the  circuit  is  completed.  Let  us  suppose  that,  as  in 
the  diagram,  the  coils  included  were  1,  2,  4,  8,  and  64.  The 
reciprocals  of  these  numbers  are  1,  0*5,  0*25,  0125,  and  0-015625. 
The  conducting  power  between  H  and  J  is  therefore  1*890625, 
the  sum  of  these  numbers.  The  resistance  between  H  and  /  is 
0'52893,  the  reciprocal  of  the  last  number,  and  the  ratio  between 
the  arms  will  be  101  : 100*52893.  A  little  consideration  will  show 
that  with  the  coils  named  any  ratio  between  101  to  100'5  and  101 
to  101  can  be  obtained  by  steps  not  exceeding  0*00195,  the 
reciprocal  of  512,  the  largest  coil  or  smallest  conducting  power 
which  can  be  included  between  the  copper  bars  HHl  and  JJl. 
By  substituting  the  rod  F  for  the  coil  1  between  LL^  and  MMl, 
the  observer  can  obtain  a  fresh  series  of  ratios  with  the  same  steps 
between  101  to  100  and  100*5  to  100.  In  this  way  it  will  be  seen 
that  unless  the  coils  R  and  S  differ  by  more  than  one  per  cent., 
their  ratio  can  be  measured  in  the  manner  described  within  0*002 
per  cent. 
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It  should  further  be  observed  that  extreme  accuracy  in  the 
coils  1,  2,  4,  etc.  is  not  necessary,  since  an  error  of  one  per  cent,  in 
the  sum  of  these,  as  compared  with  their  true  relative  value  to  the 
coil  C,  would  only  affect  the  final  result  O'Ol  per  cent. 

The  position  of  R  and  S  in  the  balance  relatively  to  A  and  C, 
etc.  is  of  course  interchangeable. 

The  diagram  is  not  intended  at  all  to  represent  the  practical 
arrangement,  but  simply  to  show  the  connexions.  The  electric 
balance  described  in  Appendix  H  of  last  year's  Report  (Plate  1, 
figs.  1  to  6,  Report  1862)  was  used  with  a  stout  copper  rod 
between  the  cups  eel}  and  two  additional  boards  with  the  copper 
bars  HHl,  JJl,  LLl}  and  MM:  fitted  as  in  the  above  diagram. 
The  coils  1,  2,  4,  etc.  had  amalgamated  copper  terminals,  which 
simply  dropped  into  mercury-cups  on  the  copper  bars.  The  ob- 
servations could  be  made  very  rapidly  and  accurately,  as  the 
galvanometer  was  sensitive  enough  with  four  Daniell's  cells  to 
indicate  the  addition  or  subtraction  of  the  512  coil  with  perfect 
distinctness.  The  reduction  of  the  observations  to  find  the  ratio 
seems  somewhat  complicated  at  first,  but  with  the  aid  of  a  table 
of  reciprocals  it  takes  but  little  time.  No  improvement  seems 
necessary  in  this  part  of  the  apparatus.  The  idea  of  using  large 
coils  combined  with  small  ones  in  multiple  arc  to  obtain  extremely 
minute  differences  of  resistance  was  suggested  to  the  writer 
by  Professor  W.  Thomson,  and  will  be  found  useful  in  very 
many  ways. 

PART  III. — MATHEMATICAL  THEORY  OF  THE  EXPERIMENT. 

A  circular  coil  of  copper  wire  is  made  to  revolve  with  uniform 
velocity  about  a  vertical  diameter.  A  small  magnet  is  suspended 
by  a  silken  fibre  in  the  middle  of  the  coil.  Its  position  is  observed 
when  the  coil  is  at  rest,  and  when  the  coil  revolves  with  velocity 
w  the  magnet  is  deflected  through  an  angle  <p.  Currents  are 
induced  in  the  coil  by  the  action  of  the  earth's  magnetism,  and 
these  act  on  the  magnet  and  deflect  it  from  the  magnetic 
meridian.  By  observing  the  deflection  and  the  velocity  of  rota- 
tion, we  can  determine  the  resistance  of  the  coil  in  electro- 
magnetic units. 

In  determining  the  strength  of  the  current  we  may  neglect 
the  motion  of  the  suspended  magnet,  as  it  is  found,  both  by  theory 
and  by  experiment,  to  be  insensible.  We  have  therefore,  in  the 

10—2 
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first  place,  to  determine  the  electro-magnetic  potential  of  the  coil 
with  respect  to  the  earth's  magnetism,  with  respect  to  the  suspended 
magnet,  and  with  respect  to  itself. 

1st.     Let   H  be   the   horizontal    component   of    the    earth's 

magnetism. 

y  the  strength  of  the  current  in  the  coil. 
G  the  total  area  enclosed  by  all  the  windings  of  the 

wire. 
0  the  angle  between  the  plane  of  the  coil  and  the 

magnetic  meridian. 

Then  the  potential  of  the  coil  with  respect  to  the  earth  is 

-HyGsm0. 

2nd.     Let  M  be  the  magnetic  moment  of  the  suspended  magnet. 
<f>  the  angle  between  the  axis  of  the  magnet  and 

the  magnetic  meridian. 
K  the  magnetic  force  at  the  centre  of  the  coil  due 

to  unit  current  in  the  wire. 

Then  the  potential  of  the  coil  with  respect  to  the  magnet  is 
-  MyK  sin  (6  -  (/>). 

3rd.     Let  \L  be  the  potential  of  the  coil  on  itself  for  unit 

current. 
Then  the  potential  due  to  a  current  y  is 


Let  P  be  the  electromotive  force,  and  R  the  resistance,  then 
the  work  spent  in  keeping  up  the  current  is  Py  in  unit  of  time  ; 
or,  since  P  =  Ry,  the  work  spent  in  keeping  up  the  current  for  a 
time  $t  is 

RyzSt. 

If  the  current  is  at  the  same  time  increased  from  y  to  y  -t-  By, 
the  work  spent  in  increasing  the  current  will  be 


If  the  angular  motion  of  the  coil  be  80,  the   work  spent  in 
keeping  up  the  rotation  against  the  electro-magnetic  force  is 
HyG  cos  Ode  +  MyK  cos  (0  -  </>)  d0. 

Since  this  work  is  exactly  consumed  in  keeping  up  or  increasing 
the  current,  we  must  have 

HyG  cos  0d0  +  MyK  cos  (6  -$)dO  =  Ry*dt  +  Lydy. 
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7/1 

Since  6  =  cot  and  -^-  =  co,  the  solution  of  this  equation  is 
7  =  ( GH  (R  COS  e  +  Lw  sin  ^ 


+  KM  (R  cos  (6  -</>)  +  Leo  sin  (0  -</>))}  +  Ce~L  , 

the  last  term  becoming  insensible  soon  after  the  beginning  of  the 
experiment. 

We  can  now  find  the  equation  of  motion  of  the  magnet. 

Let  A  be  its  moment  of  inertia,  M HT  the  torsion  of  the  fibre 
per  unit  of  angular  rotation,  then 

A  —¥  =  MKy  cos  (</>-#)-  MR  (sin  (/>  +  r<£). 

Substituting  the  value  of  7  and  separating  .terms  in  6,  we  find 
1     MK<o 


\  *  {GH  (R  C°S  (2e  - 


cos  q>  +  JLco  sin 

—  MH  (sin  <f>  — 


+  KM  (R  cos  2  ((9  -  0)  +  Leo  sin  2  ((9  -  </>))}. 

In  order  that  <£  may  continue  as  it  does  nearly  constant,  the 
part  independent  of  9  must  vanish,  or 


cos  </>  +  ^«  sin  <^)  +  KMR} 

sin  0  +  Tj>)  =  0. 


This  gives  the  following  quadratic  equation  for  R  :  — 


GKa>  KM\     I    GKLco* 

COS 


o  ^^j  - 

2     sui<j>+T<f>\  GHJ      2 


sn 


The  solution  of  this  equation  may  be  expressed  to  a  sufficient 
degree  of  accuracy  as  follows  :  — 

GKa>          (       KM  2L     2L 


To  determine  the  quantities  occurring  in  this  equation,  we 
must  measure  the  dimensions  of  the  coil,  the  strength  of  the 
magnet,  and  the  force  of  torsion  of  the  fibre. 
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1st.     Dimensions  of  the  coil. 

Let  a  =  mean  radius  of  the  coil  ...............  =      0*1566  metre. 

n  =  number  of  windings  of  wire  .........  =  307 

I  =  effective  length  of  wire  =  ^irna  ......  =  302*063  metres. 

b  =  breadth  of  section  of  coil  perpendicular 

to  the  plane  of  the  coil   ............  =        '0185  metre. 

c  =  depth  of  section  in  the  plane  of  the 

coil    ....................................  =        -0132     „ 

b'  =  distance  of  mean  plane  of  coil  from 

axis  of  motion  ........................  =        *01915  „ 

=  angle  subtended  at  axis  by  radius  of 

coil    ....................................  =83°r. 

7  / 

cosa  =  -  =  12245. 
a 

Then    Gf, 

K  =  —  sin"  a  Jl  +  ^  -„  (2  -  15  sin2a  cos2  a) 

Ct  ^  Z'*  d" 

1  62 

+  or  -i  (1  5  sin2  a  cos2  a  -  3  sin2  a)  \  , 

ATT  CL 


If  the  dimensions  of  the  coil  are  measured  in  metres,  GK  will 
be  expressed  in  metres. 

Let  T  be  the  time  of  100  revolutions  of  the  coil,  expressed  in 
seconds,  then 

Ta>  =  200-7T, 


200-7T 

•- 


Let  D  be  the  distance  of  the  scale  from  the  mirror,  8  the 
scale-reading  measured  from  the  point  of  the  scale  which  is  nearest 
to  the  mirror,  then 


'  2tan</> 
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To  determine  MHr,  the  coefficient  of  torsion,  let  the  magnet 
be  turned  round  so  as  to  twist  the  fibre  nearly  360°.  Let  the 
difference  of  reading  due  to  the  torsion  be  £',  then 

S'         I 


"  4,-n-D 
KM 

To  determine  ^7  >  ^  *ne  suspended  magnet  A  be  removed, 


and  let  another  magnet,  which  we  shall  call  B,  be  put  in  its  place. 
Let  the  magnet  A  be  now  placed  east  or  west  of  B,  at  a  distance 
equal  to  the  mean  distance  of  the  coil,  or  Jo?  +  6'2.  Let  the 
deflection  of  B  when  the  north  or  south  end  of  A  is  directed  to  it 
be  IJL,  then 

KM 


The  determination  of  the  quantity  L,  the  electro-magnetic 
capacity  of  the  coil,  requires  a  more  complex  calculation,  which 
must  be  explained  separately.  In  the  actual  experiment  the 
deviation  <£  was  always  small,  and  therefore  tan2  </>  was  very  small, 
so  that  the  term  depending  on  L  was  never  important. 

We  may  now  write  the  value  of  R, 


M 
R  —  -  ^K  —      -  (1  +  corrections}. 

In  this  expression  the  quantities  Dnla.  are  determined  before 
the  experiment  is  made.  The  only  quantities  to  be  observed  are  T, 
the  number  of  seconds  in  100  revolutions,  and  S,  the  deviation  in 
millimetres  of  the  scale. 


PART  IV. — DETAILS  OF  THE  EXPERIMENTS. 

In  the  experiments  at  King's  College,  June  1863, 
n,  the  number  of  windings,  was  307. 
I,  the  effective  length  of  wire,  302*063  metres. 
sin3a=l-  -021756. 
D,  the  distance  from  the  mirror  to  the  scale,  2'9853  metres. 

Determination  of  Velocity. 

A  wheel  of  100  teeth  turned  by  an  endless  screw  caused  a  bell 
to  be  struck  every  100  revolutions  of  the  coil.  The  times  of  the 
bells,  as  observed  with  a  chronometer,  serve  to  determine  T. 
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Determination  of  Deviation. 

S  is  the  difference  between  the  reading  of  the  scale  when  the 
magnet  is  acted  on  by  the  earth  only,  and  when  it  is  acted  on  also 
by  the  induced  currents  in  the  coil.  To  determine  8,  the  reading 
of  the  scale  is  made  when  the  coil  is  at  rest,  or  when  the  circuit  is 
broken.  Another  reading  is  taken  with  the  connexion  complete 
and  the  coil  in  motion.  If  the  earth's  magnetism  remains  the 
same,  the  difference  of  these  readings  is  the  true  value  of  &  ;  but 
since  the  direction  of  the  earth's  magnetic  action  is  continually 
varying,  we  must  find  the  difference  of  declination  between  the 
times  of  the  two  readings,  and  calculate  what  would  have  been  the 
undisturbed  reading  of  the  scale  at  the  time  when  the  deviation 
was  observed. 

In  our  experiments  this  correction  was  made  by  comparison 
with  the  photographic  registers  of  magnetic  declination  made  at 
Kew  at  the  same  time  that  our  experiments  were  going  on. 

Corrections. 

The  corrections  being  small  may  be  taken  separately.  Each 
has  to  be  multiplied  by  the  factor  already  considered, 


A.     Correction  for  the  dimensions  of  the  section  of  the  coil. 
lc2      562-c2   ._  162    . 


=  +  '000075. 

B.  Correction  for  level.     Let  the  axis  of  rotation  be  inclined 
to  the  vertical  at  an  angle  /3  measured  towards  the  north,  and  let 
the  angle  of  the  dipping-needle  with  the  horizontal  be  /,  then 
there  will  be  a  correction, 

B  =  -  tan  I  sin  @. 

In  the  actual  experiment  the  level  was  taken  with  a  spirit-level 
reading  to  12",  and  found  correct  to  at  least  that  degree  of  accuracy. 

C.  Correction  for  the  induction  of  the  suspended  magnet  on 
the  coil.     The  strength  of  the  magnet,  as  compared  with  that  of 
the  magnetic  field,  was  measured  by  means  of  a  magnetometer 
from  Kew  by  the  ordinary  method.     The  correction  found  was 

C=  +  tan  fj, 
=  '00780. 
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The  small  magnet  generates  induction-currents  in  the  coil 
which  react  on  the  magnet,  and  tend  to  turn  it  in  the  direction  in 
which  the  coil  revolves.  If  there  were  no  horizontal  magnetic  force 
due  to  the  earth,  the  coil  would  drag  the  magnet  round  after  it. 
In  the  actual  case  it  makes  the  deviation  greater  than  it  should  be 
by  -0078. 

D.     Correction  for  torsion  of  the  fibre. 


=  -  '00132. 

This  correction  depends  on  the  relation  between  the  stiffness 
of  the  fibre  and  the  directive  force  of  the  suspended  magnet.  The 
fibre  was  a  single  fibre  of  silk  7  feet  long  ;  the  magnet  was  a  steel 
sphere  -f^  inch  diameter,  and  not  magnetized  to  saturation.  The 
correction  for  torsion  was  therefore  much  larger  than  if  a  stronger 
magnet  had  been  used. 

E.     Correction  for  position  of  suspended  magnet. 
Let  the  centre  of  the  magnet  be  at  a  distance  £  above  or  below 
the  centre  of  the  coil,  77  north  or  south  of  the  axis  of  motion,  and 
east  or  west  of  the  axis,  then  there  will  be  a  correction, 


Here  a  =  156'6  millimetres,  and  the  place  of  the  magnet  was  so 
adjusted  that  it  could  not  vary  one  millimetre  in  any  direction 
without  the  error  being  observed.  Hence  this  correction  is 
negligible. 

F.  Correction  for  irregularity  in  the  magnetic  field  due  to 
iron  or  magnets  near  the  instrument. 

Let  t  be  the  time  of  oscillation  of  a  magnet  at  the  centre  of 
the  coil,  £j  and  £2  a^  distances  z  above  and  below  that  point,  then 

3a2  ffi-fc  +  f,)] 
h  16^2  \          t          J  ' 

This  correction  may  also  be  neglected. 

G.  Correction   of  scale-reading.     The    quantity  observed   is 
tan  2$,  the  quantity  to  be  found  is  tan  </>.     The  correction  to  the 
value  of  R  is 
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H.     Correction  for  electro-magnetic  capacity  of  the  coil. 
Let  L  be  the  value  of  the  electro-magnetic  capacity,  the  cor- 
rection is 


In  the  actual  coil  L  was  found  by  calculation  =  397750  metres, 
and  by  a  rough  experiment  =  398500  metres. 
Now  GK  =  560245  metres. 

1  S2 
The  correction  is  therefore  -  ^  -^  (0'596234)  =  H. 

This  correction  is  of  the  same  form  with  G,  and  may  be  taken 
along  with  it. 

The  complete  expression  for  R  is  therefore 

R  =  jL  538145581730  +  1 3055-5. 

The  nature  of  the  electrical  action  in  the  experiment  may  be 
stated  as  follows : — 

Suppose  the  plane  of  the  coil  to  coincide  with  magnetic  north 
and  south,  and  that  the  coil  is  revolving  in  the  direction  of  the 
hands  of  a  watch.  Then  the  north  side  of  the  coil  is  moving  from 
west  to  east,  and  therefore  experiences  an  electromotive  force 
tending  to  produce  an  upward  current.  The  south  side  of  the 
coil  is  moving  from  east  to  west,  and  therefore  there  is  a  tendency 
to  produce  a  downward  current  in  it.  If  the  circuit  is  closed  there 
will  be  a  current  upwards  on  the  north  side,  and  downward  on  the 
south  side  round  the  coil. 

Now  this  current  will  tend  to  turn  the  north  end  of  the  sus- 
pended magnet  towards  the  east ;  but  the  earth's  magnetic  force 
tends  to  turn  it  towards  the  north ;  so  that  the  actual  position 
assumed  by  the  magnet  must  depend  on  the  relation  between  the 
strength  of  the  current  and  the  strength  of  the  earth's  magnetism. 
But  the  strength  of  the  current  depends  only  on  the  velocity  of 
rotation,  the  resistance  of  the  coil,  and  the  strength  of  the  earth's 
magnetism.  Hence  the  position  of  the  magnet  will  not  depend 
on  the  strength  of  the  earth's  magnetism,  but  only  on  the  velocity 
and  the  resistance  of  the  coil. 

We  must  remember  that  the  coil  in  its  revolution  comes  into 
other  positions  than  that  which  we  have  mentioned.  As  the 


FOR   ELECTRICAL   MEASUREMENTS  155 

north  side  moves  towards  the  east,  the  current  continually 
diminishes  till  it  ceases  when  it  is  due  east.  The  current  then 
commences  in  the  opposite  direction  with  respect  to  the  coil  ;  but 
since  the  coil  itself  is  now  in  a  reversed  position,  the  effect  of  the 
current  on  the  suspended  magnet  is  still  to  turn  the  north  end  to 
the  east.  The  action  of  the  current  on  the  magnet  is  therefore  of 
an  intermittent  nature,  and  the  position  of  the  magnet  is  not 
fixed,  but  continually  oscillating.  The  extent  of  these  oscillations, 
however,  is  exceedingly  small.  In  fact  if  T  be  the  time  of  vibra- 
tion of  the  magnet  from  rest  to  rest  under  the  action  of  the  earth, 
and  if  t  be  one  quarter  of  the  time  of  revolution  of  the  coil,  and  if 
8  be  the  deviation  as  read  on  the  scale,  then  the  same  amplitude 
of  these  oscillations  will  be 

/2 

e-t*. 

In  the  actual  experiment  ™  =  about  -^  and  8  less  than  400 

millimetres,  so  that  the  whole  extent  of  vibration  would  be  less 
than  yi^  of  a  millimetre  on  the  scale.  This  vibration  was  never 
observed  and  did  not  interfere  with  the  distinctness  of  vision. 

The  only  oscillations  observed  were  the  free  oscillations  of  the 
magnet.  They  arose  from  accidental  causes  at  the  beginning  of 
the  experiment,  and  were  subject  to  slight  alterations  in  magnitude 
due  to  changes  of  speed  of  rotation,  the  passage  of  iron  steamers  in 
the  Thames,  etc.  The  time  of  one  vibration  was  about  9'6  seconds, 
and  by  reading  the  scale  at  the  extremities  of  every  vibration  a 
series  of  readings  was  obtained,  the  intervals  between  which  were 
proximately  equal. 

Now  since  the  deviation  is  proportional  to  the  velocity 


and  if  we  take  values  of  S  at  small  intervals  dt  and  sum  them,  we 
shall  get 

(s.dt  =  C  {vdt  =  Cx, 

where  x  is  the  whole  distance  travelled  in  the  time. 

Hence  all  we  have  to  do  is  to  observe  the  deviation  at  every 
oscillation,  and  to  ascertain  the  whole  number  of  revolutions 
during  the  time  of  observation,  and  the  exact  beginning  and  ending 
of  that  time.  This  was  done  in  the  following  way. 
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The  coil  was  made  to  revolve  by  means  of  the  driving  machine, 
and  its  velocity  was  regulated  by  the  governor.  While  the  required 
velocity  was  being  attained,  the  oscillations  of  the  magnet  were 
reduced  within  convenient  limits  by  means  of  a  quieting  bar  at  a 
distance.  The  quieting  bar  was  then  put  in  its  proper  place  and 
the  observation  commenced. 

One  observer,  A,  took  the  readings  of  the  scale  as  seen  in  the 
telescope,  writing  down  the  deviation  at  the  extremity  of  every 
oscillation  and  thus  obtaining  a  reading  every  9'6  seconds. 

Another  observer,  B,  with  a  chronometer,  wrote  down  the  times 
of  every  third  stroke  of  the  bell.  The  times  thus  found  were  at 
intervals  of  300  revolutions.  When  the  observer  B  noted  the  time, 
the  observer  A  made  a  mark  on  his  paper,  so  that  after  the  experi- 
ment the  readings  of  deviation  could  be  compared  with  the  readings 
of  the  chronometer  taken  at  the  same  time. 

The  mean  time  of  revolution  between  any  two  times  of  ob- 
servation could  thus  be  found  and  compared  with  the  mean 
deviation  between  the  same  limits  of  time,  and  any  portion  of  an 
experiment  accidentally  vitiated  could  be  rejected  by  itself. 

The  experiments  of  each  day  commenced  with  a  comparison, 
by  means  of  an  electric  balance*,  between  the  resistance  of  the 
experimental  coil  and  that  of  a  German-silver  coil  (called 
"June  4"). 

Then  a  series  of  readings  of  the  scale  was  taken  to  determine 
the  undisturbed  position  of  the  magnet.  The  times  of  beginning 
and  ending  this  series  were  noted,  and  called  Times  of  1st  Zero. 

Then  the  coil  was  made  to  revolve,  and  readings  of  deviation 
and  of  time  were  taken  as  already  described,  and  called  1st  Spin  +. 

Then  the  direction  of  rotation  was  reversed  and  a  second  set  of 
readings  obtained,  and  called  2nd  Spin  — . 

Then  the  undisturbed  position  was  again  observed  with  a  note 
of  the  time.  This  was  called  2nd  Zero. 

Lastly,  the  resistance  was  compared  again  with  the  standard 
coil.  This  series  of  experiments  was  then  repeated  if  there  was 
time. 

From  the  values  of  1st  zero  and  2nd  zero,  together  with  the 
information  obtained  from  the  photographic  registers  at  Kew,  the 
true  value  of  the  undisturbed  reading  during  the  1st  spin  and 
2nd  spin  was  obtained.  The  difference  between  this  and  the 

*    Vide  Report,  1862,  p.  159,  and  present  Appendix,  p.  99. 
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actual  reading  is  the  deviation  8  due  to  the  electric  currents. 
T  was  got  by  the  chronometer  readings.  Now  let  r  be  the  re- 
sistance of  the  standard  coil  at  standard  temperature,  R  the 
resistance  of  the  experimental  coil  during  the  experiment,  then 
by  the  comparison  of  resistances  we  find 

R  =  xv, 

where  x  is  the  ratio  observed  by  means  of  the  electric  balance. 

N 

But  we  also  know  that  R  =  ™  +  correction,  where  N  is  a  known 

1  o 

number  given  at  p.  113.  Hence  r,  the  resistance  of  the  standard 
coil,  may  be  found  in  absolute  measure  by  the  formula 

N 

r  =  — ™,  +  a  small  correction : 
xlb 

the  value  of  xTS  should  therefore  be  nearly  constant. 

Thus,  on  June  23rd,  1863,  the  experiments  were  made  as 
follows : — 

At  12h  15m  the  resistance  of  the  copper  experimental  coil  was 
compared  with  that  of  standard  coil  "  June  4  "  taken  at  101,  and 
found  to  be  101-26. 

From  12h  36m  to  12h  45m  the  undisturbed  position  of  the  sus- 
pended magnet  was  observed,  and  found  to  be  590'28  scale-divisions 
as  the  mean  of  all  the  readings. 

The  position  of  the  declinometer  at  Kew  at  the  same  time  was 
7*689  of  its  own  scale-divisions. 

From  12h  47m  51S*5  to  lh  3m  13s  the  position  of  the  magnet 
was  again  observed  while  the  coil  was  revolving ;  104  readings  of 
the  scale  were  taken,  of  which  the  mean  was  930*59.  This,  when 
corrected  for  scale-error,  gives  931*48  as  the  true  reading.  The 
position  of  the  declinometer  at  Kew  during  the  same  time  was 
7*679.  The  resistance,  measured  after  the  experiment,  was  101*28. 

The  number  of  revolutions  was  6300  during  the  time  of  ob- 
servation, so  that  the  time  of  100  revolutions  was  14S*464. 

By  comparing  the  Kew  apparatus  with  that  at  King's  College, 
it  appears  that  1*0  of  the  Kew  scale  =  19*137  of  the  King's 
College  scale.  The  undisturbed  readings  at  King's  College  were 
found  actually  to  vary  very  nearly  in  this  proportion  to  those 
at  Kew. 

Hence  it  is  easy  to  find  the  undisturbed  reading  during  any 
given  experiment  by  comparison  with  the  Kew  numbers. 
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Thus,  for  the  first  experiment  on  June  23rd  we  get 

Corrected  undisturbed  reading 591*54 

Deflected  reading    931*48 

Deflection^ =  +    339*94 

Time  of  100  revolutions  =  T =          14*464 

Product  T8 =      4916  90 

Resistance  at  time  of  experiment  x  . . .  =        IQI'28 

Tlx =     4979-75 

Three  other  experiments  were  made  on  June  23rd.  The  result 
of  the  four  experiments  was  as  follows : — 

1st  experiment.     Positive  rotation   ...T.  8. #  =  4979*75 

2nd          „  Negative    T.B.x      =5071*18 

3rd  „  Positive T.  B. as  =  5093*35 

4th  „  Negative   T.B.x     =5007*66 

Mean  Positive  result  5036'55 

Mean  Negative  result    =5039*42 

Mean  result  of  June  23rd  5037*98 

Mean  result  of  June  19th 5075*77 

Mean  result  of  June  16th 504618 

Mean  of  three  days    5053'32 

It  will  be  observed  that  the  mean  results  of  each  day  are  more 
concordant  than  the  individual  experiments  made  on  the  same 
day.  The  errors,  therefore,  which  we  have  hitherto  been  unable 
to  get  rid  of  are  not  of  a  kind  which  would  have  the  effect  of 
making  the  result  depend  on  the  arrangements  adopted  on  the  day 
of  experiment,  but  are  rather  such  as  would  destroy  one  another  in 
any  long  series  of  experiments. 

Dividing  N  by  the  number  just  found,  we  get  for  the  resistance 
called  100  provisionally, 

106493470  +  61100  =  10655470, 

the  second  term  being  the  correction  for  self-induction  and  for 
scale-reading. 

Since  the  coil  of  German  silver,  marked  June  4th,  was  called 
provisionally  101,  we  find  as  the  result  of  the  experiments  for  the 
resistance  of  "  June  4  "  in  absolute  measure 

107620116  metres  per  second. 

Knowing  the  absolute  resistance  of  "June  4,"  we  may  construct 
coils  of  givi  n  resistance  by  known  methods. 


THIRD   REPORT— BATH,    1864. 

IN  the  present  Report  it  is  thought  unnecessary  again  to  refer 
to  the  objects  with  which  the  Committee  were  appointed,  or  to 
recapitulate  the  arguments  for  and  against  the  various  systems  of 
standards  which  have  been  from  time  to  time  proposed.  The 
Committee  have  seen  no  reason  to  alter  the  conclusions  previously 
adopted,  and  now  propose  briefly  to  state  the  progress  made  in  the 
practical  development  of  those  conclusions,  which  may  be  found 
expressed  at  length  in  the  Report  for  1863. 

That  Report  announced  the  adoption  by  the  Committee  of  the 
absolute  electro-magnetic  system  of  measurement,  based  on  the 
metre,  gramme,  and  second,  with  certain  modifications  to  facilitate 
the  practical  construction  or  use  of  the  standards ;  and  it  further 
stated  that  in  1863  the  absolute  resistance  of  a  certain  German- 
silver  coil  had  been  measured  with  considerable  accuracy. 

No  standards  based  on  the  1863  determination  were  officially 
issued,  inasmuch  as  it  was  felt  that  a  second  determination  was 
absolutely  required  before  complete  dependence  could  be  placed 
either  on  the  method  employed  or  on  the  results  obtained.  Some 
coils  representing  10  of  the  British-Association  units,  i.e.  107 
absolute  units  according  to  the  1863  determination,  were  made  by 
Messrs  Elliott  Brothers,  and  a  set  from  1  to  10,000  was  made  from 
the  1863  determination  by  Messrs  Siemens  and  Halske  of  Berlin. 
This  last  set  is  intended  for  Col.  Douglas,  the  Superintendent  of 
the  Government  telegraph  lines  in  India;  and  a  few  of  Messrs 
Elliotts'  coils  have  been  bought  by  persons  who  were  unwilling 
to  wait  for  the  final  experiments  by  the  Committee.  None  of 
these  coils  have  been  in  any  way  certified  as  correct  by  the 
Committee. 

In  order  thoroughly  to  test  the  value  of  the  experiments  made 
in  1863,  it  was  determined  that  not  only  every  measurement 
should  be  made  afresh,  but  that  every  element  in  the  experiment 
should  be  varied.  The  experiment  consisted  essentially  in  causing 
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a  coil,  or  rather  two  coils,  of  copper  wire  to  revolve  or  spin  at  a 
certain  definite  rate,  and  in  observing  the  deflection  of  a  magnet, 
suspended  within  the  coil,  by  the  reflection  of  a  scale  in  a  mirror 
attached  to  the  magnet. 

The  measurements  required  in  the  calculation  are  the 
following : — 

a.  The  mean  radius  of  the  coils. 

w.  The  number  of  turns  made  by  the  copper  conductor  forming 
the  coils. 

I.     The  effective  length  of  the  wire. 

b.  The  breadth  of  the  section  of  the  coil. 

c.  The  depth  of  the  section  of  the  coil. 

b'.  The  distance  of  the  mean  plane  of  the  coil  from  the  axis 
of  rotation. 

T.     The  time  of  100  revolutions  of  the  coil. 

D.     The  distance  of  the  scale  from  the  mirror. 

S.     The  scale-reading  during  each  experiment. 

The  above  measurements  are  required  for  what  may  be  called 
the  simple  theory,  that  is  to  say,  the  theory  omitting  all  the 
necessary  corrections  arising  from  self-induction,  torsion  of  fibre,  etc. 
For  these  corrections  it  is  further  necessary  to  measure — 

1st.     The  coefficient  of  torsion  of  the  fibre. 

2nd.     The  magnetic  moment  of  the  suspended  magnet. 

3rd.     The  horizontal  component  of  the  earth's  magnetism. 

4th.  The  variation  of  the  electrical  resistance  of  the  coil 
during  each  experiment  and  between  each  experiment. 

5th.  The  variation  in  the  direction  of  the  earth's  magnetic 
force. 

6th.  The  irregularities  resulting  from  the  unavoidable  de- 
partures from  that  relative  position  of  the  telescope,  mirror,  scale, 
and  magnet  which  would  be  theoretically  most  desirable. 

In  the  experiments  made  at  King's  College  in  1864,  every 
part  of  the  apparatus,  except  the  distance  of  the  mean  planes  of 
the  two  coils  from  the  axis  of  rotation,  was  altered ;  so  that  every 
measurement  was  not  only  made  afresh,  but,  where  susceptible  of 
change,  was  considerably  different  in  magnitude. 

Few  of  the  measurements  could  be  made  by  the  means  em- 
ployed with  greater  accuracy  than  one  part  in  10,000,  and  some  of 
them  were  not  determined  even  with  this  degree  of  accuracy.  No 
very  perfect  agreement  between  two  entirely  distinct  series  of 
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experiments  was  therefore  to  be  expected ;  but  the  Subcommittee, 
consisting  of  Professor  Maxwell  and  Mr  Jenkin,  who  this  year  have 
undertaken  the  experiments,  are  fortunately  able  to  report  a  con- 
cordance between  the  determinations  of  1863  and  1864  which  is 
most  satisfactory. 

The  difference  between  a  standard  constructed  from  the  mean 
result  of  the  1863  experiments  and  a  standard  constructed  from 
the  mean  result  of  the  1864  experiments  would  be  only  O16  per 
cent.  The  probable  error  of  the  1863  experiments  is  0'24  per  cent, 
if  the  mean  of  each  day's  experiments  be  counted  as  one  only ;  the 
probable  error  of  the  1864  experiments  is  0*1  per  cent,  if  the  mean 
of  each  pair  of  experiments  with  the  coil  revolving  in  two  opposite 
directions  be  taken  as  one  experiment. 

Taking  into  account  the  agreement  between  the  means  of  the 
two  years,  we  may  say  that  the  determination  of  the  Subcommittee 
does  not  probably  differ  from  true  absolute  measurement  by  0*08 
per  cent. 

The  Committee  are  of  opinion  that,  in  the  present  state  of 
electrical  science,  the  result  now  obtained  is  satisfactory,  and  will 
justify  the  immediate  construction  of  final  standards  of  electrical 
resistance. 

It  can  hardly  be  doubted  that,  with  the  lapse  of  time  and  the 
inevitable  progress  of  knowledge,  still  better  determinations  will 
some  day  be  made ;  and  that  even  now,  with  still  greater  care  and 
by  still  further  multiplying  the  number  of  experiments,  a  some- 
what more  perfect  agreement  between  the  standards  and  the 
theoretical  absolute  measurement  could  be  ensured. 

The  Committee  had  then  to  consider  whether  this  possibly  still 
more  perfect  agreement  would  be  worth  the  very  great  time,  the 
labour,  and  the  money  which  would  have  to  be  bestowed  upon  it. 
It  has  never  been  proposed  that  the  British- Association  standard 
should  be  considered  as  representing  exactly  an  absolute  measure- 
ment ;  whatever  may  be  the  state  of  science,  any  such  pretension 
could  not  be  well  founded,  for  all  that  can  be  done  at  any  time,  by 
the  very  greatest  care,  is  to  reduce  the  possible  error  to  less  than 
a  certain  amount.  The  amount  of  probable  error  in  the  present 
determination  is  so  small  as  to  be  insignificant  for  any  of  the 
present  purposes  of  science,  and  will  always  remain  insignificant 
for  any  practical  applications.  For  these  applications  it  is  chiefly 
important  that  every  copy  of  the  standard,  whatever  that  may  be, 
B.  A.  11 
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should  be  accurately  made — a  condition  which  is  quite  unaffected 
by  the  greater  or  less  discrepancy  between  the  standard  and  true 
absolute  measurement. 

The  reproduction  of  the  standard  can  perhaps  be  more  easily 
effected,  if  ever  it  be  necessary,  by  a  given  weight  of  metal  or  alloy 
than  by  a  fresh  absolute  determination. 

Meanwhile  practical  standards  of  resistance  are  urgently  re- 
quired, and  the  Committee  are  pressed  to  come  to  a  decision. 
Defective  systems  are  daily  taking  firmer  root,  and  the  measure- 
ment of  currents,  quantity,  capacity,  and  electromotive  force  call 
urgently  for  the  attention  of  your  Committee. 

Under  these  circumstances  they  have  decided  to  rest  content 
with  the  results  of  the  experiments  now  completed,  and  to  com- 
mence at  once  the  construction  of  standard  coils. 

The  details  of  the  experiments  on  absolute  resistance  are  given 
in  Appendix  A. 

It  may  be  useful  here  to  mention  that  the  new  unit  will  be 
roughly  equal  to  0*0736  times  Dr  Matthiessen's  mile  of  copper 
wire,  and  more  exactly  1*0456  times  Siemens's  unit,  according  to 
standards  which  have  kindly  been  sent  by  Dr  Siemens  to  several 
members  of  the  Committee  and  others*. 

The  questions  of  chief  importance,  after  the  magnitude  of  the 
standard  has  been  chosen  and  determined,  concern  the  choice  of  a 
suitable  form  and  material  for  the  actual  construction  of  the 
standard;  and  in  this  choice  the  permanence  of  the  standard  is 
above  all  essential. 

Dr  Matthiessen  has  for  two  years  been  endeavouring,  at  the 
request  of  the  Committee,  to  discover  whether  the  electrical  resist- 
ance of  various  metals,  under  various  conditions,  can  be  considered 
as  constant,  or  can  be  proved  to  alter.  His  Report  for  the  present 
year  is  given  in  Appendix  B,  and  will  be  found  to  confirm,  in  a 
great  measure,  the  conclusions  arrived  at  in  his  Report  for  1863. 

No  variation  has  been  observed  by  him  in  the  electrical  re- 
sistance of  annealed  wires  of  silver,  copper,  gold,  platinum,  nor  in 
the  hard-drawn  wires  of  gold,  platinum,  or  of  the  gold-silver 
alloy.  But  a  change  has  been  observed  in  the  hard-drawn  wires 
of  silver  and  copper — a  change  most  rapid  in  the  first  year,  but 

*  Twenty-five  units  are  withiu  one  per  cent,  equal  to  the  mile  of  No.  16  copper 
wire  in  use  by  the  Electric  and  International  Company.  Mr  Varley  has  promised 
that  for  the  future  exact  equality  shall  be  aimed  at. 
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very  sensible  in  the  second  year ;  a  somewhat  capricious  change 
has  also  been  observed  in  certain  annealed  German-silver  wires, 
while  others  have  been  proved  constant.  This  result  has  been  inde- 
pendently observed  by  other  members  of  the  Committee.  In  the 
hard-drawn  wires  of  silver  and  copper  the  direction  of  the  change 
has  been  such  as  to  bring  the  resistance  of  hard-drawn  wires  more 
nearly  to  resemble  that  of  annealed  wires,  diminishing  the  re- 
sistance ;  in  other  words,  it  is  such  a  change  as  would  be  produced 
by  partial  annealing. 

From  these  experiments  it  is  clearly  undesirable  that  silver  or 
copper  should  be  used  for  standards  even  in  their  annealed  state ; 
and  the  change  in  these  metals  further  indicates  that  for  standards 
of  other  metals  the  partially  annealed  is  preferable  to  the  hard- 
drawn  condition. 

The  experiments  on  these  points  must  be  continued  for  many 
years  before  much  reliance  can  be  placed  on  the  results;  and 
meanwhile  equal  standards  must  be  constructed  of  various 
materials,  and  protected  in  various  ways,  for  reference  and 
comparison. 

The  precautions  taken  to  prevent  chemical  action  and  me- 
chanical injury  are  given  in  Appendix  B  of  the  Report  for  1863. 
Coils  of  wire  covered  with  silk,  baked  and  imbedded  in  solid 
paraffin,  appear,  at  present,  to  be  the  most  promising  form  for  the 
unit  standards.  Authentic  copies  of  the  standard  coils  made  of 
platinum-silver  alloy,  which  appears  likely  to  be  permanent,  might 
be  issued  at  about  £2.  10s.  each,  and  coils  prepared  from  these  by 
electrical  instrument-makers  could  be  verified  at  a  moderate  rate 
at  Kew,  where  the  original  standards  will  be  deposited.  No 
officially  authentic  coil  can  be  issued  until  the  standards  them- 
selves have  been  made. 

The  reproduction  of  the  standard  forms  the  next  point  for 
consideration.  Notwithstanding  the  good  results  obtained  by 
Professor  Thomson's  method  of  making  an  absolute  measurement, 
the  Subcommittee  do  not  recommend  the  adoption  of  this  process 
for  the  reproduction  of  the  standard,  which  may  some  day  become 
necessary,  owing  to  the  accidental  destruction  of,  or  change  in,  the 
Kew  standards.  Dr  Matthiessen,  on  the  other  hand,  states,  with 
confidence,  that  a  standard  may  be  reproduced  by  means  of  metal 
wires  of  given  weight  and  length,  or  by  means  of  mercury,  within 
about  O'Ol  percent.;  the  report  of  his  investigation  on  this  subject, 

11—2 
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made  conjointly  with  Mr  C.  Hockin,  is  contained  in  Appendix  C, 
and  may  be  summed  up  as  follows.  He  first  draws  a  distinction 
between  ordinary  care,  great  care,  and  absolute  care.  He  considers 
that  with  ordinary  care  the  gold-silver  alloy  is  the  most  suitable 
material  (see  Report,  1862)  for  the  reproduction,  but  when  great 
care  is  used  lead  is  recommended  as  the  most  suitable  material ; 
but  any  reproduction  by  one  material  should  be  checked  by  others, 
such  as  mercury.  With  absolute  care  it  appears  that  almost  any 
material  might  be  used.  It  must  be  remembered  that  Dr 
Matthiessen  considers  that  he  himself  has  not  taken  absolute  but 
only  great  care. 

The  following  Table  shows  the  number  of  wires  of  each  material 
tested,  their  maximum  discrepancy,  and  the  probable  error  in  a 
standard  reproduced  by  similar  experiments : — 


Metal 

No.  of 
wires 

Maximum  discrepancy 
expressed  as  a  fraction 
of  the  whole  conduct- 
ing power 

Probable 
error 

Silver  

3 

0-0014 

0-00052 

Copper... 

3 

O'OOll 

0-00021 

Gold  

3 

0-0005 

0-00011 

Lead 

4 

0*00054 

0-00006 

Gold-silver  alloy  
Mercury  .... 

5 
3 

0-00073 
0-00151 

o-ooooi 

0-00009 

Commercially  pure  lead  differed  from  the  chemically  pure  lead 
by  only  about  0*04  per  cent. 

For  an  account  of  the  care  taken  by  Dr  Matthiessen  in  the 
chemical  preparations  of  the  metals  he  used,  and  in  their  sub- 
sequent treatment  and  electrical  comparison,  we  must  refer  to 
Dr  Matthiessen's  own  Report,  Appendix  C. 

With  reference  to  mercury,  great  difficulty  exists  in  making  the 
experiments ;  and  it  is  much  to  be  regretted  that  Dr  Matthiessen's 
experiments,  very  accordant  in  themselves,  do  not  give  results 
agreeing  with  Dr  Siemens's  experiments.  The  discrepancy  will  be 
best  explained  by  the  following  Table,  giving  the  value  of  a 
column  of  mercury  at  0°  C.  one  metre  long,  and  having  a  cross 
section  equal  to  one  square  millimetre,  according  to  various  ex- 
periments, and  with  the  specific  gravity  used  respectively  by 
Dr  Siemens  and  Dr  Matthiessen. 
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Definition  Value  in 

B.A.  units 

1.  Mercury  unit  according  to  Siemens's  standard  issued 

in  1864.     Sp.  gr.  mercury  assumed  at  13*557    ...       0*9564 

2.  Mercury  unit  according  to  Siemens's  experiments 

made  for   1864  standard,  but  assuming  sp.  gr. 

mercury  at  13*595*     0'9534 

3.  Mercury  unit  according  to  Dr  Matthiessen's  experi- 

ments.    Sp.  gr.  mercury  assumed  at  13*557  0*9646 

4.  Mercury  unit  according  to  Dr  Matthiessen's  experi- 

ments.    Sp.  gr.  mercury  assumed  at  13*595 0*9619 

5.  Mercury  unit  according  to  one  set  of  coils  exhibited 

in  1862  by  Dr  Siemens  (Berlin) 0'9625 

6.  Mercury  unit  according  to  a  second  set  of  coils  ex- 

hibited in  1862  by  Dr  Siemens  (London)  0*9742 

Dr  Matthiessen  considers  No.  4  the  true  value,  while  Dr 
Siemens  supports  No.  1.  The  Committee  do  not  desire  to  express 
any  opinion  on  this  subject,  but  only  to  draw  attention  to  the 
great  discrepancies  which  follow  the  apparently  simple  definition 
of  the  mercury  unit  (first  proposed  by  Marie  Davy).  Even  now 
it  cannot  be  said  that  a  trustworthy  standard,  answering  to  the 
definition,  exists. 

The  Committee  have  little  to  report  concerning  the  standard 
instruments  for  the  measurement  of  currents,  quantity,  capacity, 
or  electromotive  force.  The  drawings  for  a  standard  galvanometer 
and  electro-dynamometer  have  been  begun.  An  electro-dynamo- 
meter, suitable  for  general  use,  has  been  constructed  by  Professor 
W.  Thomson,  and  experiments  are  being  made  with  it. 

Professor  Thomson  has  also  had  some  fine  apparatus  made  for 
the  measurement  of  electrostatic  phenomena  and  their  comparison 
with  electro-magnetic  measurements;  but  it  will  be  best  to  describe 
the  instruments  when  the  experiments  have  been  completed. 

Dr  Joule  has  made  some  preliminary  experiments  with  the 
view  to  redetermine  the  mechanical  equivalent  of  the  unit  of  heat 
by  electrical  means. 

Thus,  although  the  Committee  have  not  accomplished  all  that 
they  hoped,  they  feel  that  such  progress  is  being  made  as  will 
justify  their  reappointment. 

*  This  is  the  mean  of  the  values  given  by  Kopp,  Regnault,  and  Balfour  Stewart. 
The  discrepancy  between  the  two  values  is  far  greater  than  could  be  due  to  any 
confusion  as  to  the  reference  of  the  specific  gravity  to  water  at  0°  C.  and  at  maximum 
density. 
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They  have  received  assurances  that  the  British-Association 
system  of  units  will  be  readily  adopted  in  this  kingdom,  in  India, 
Australia,  and  Germany.  They  believe  that  it  will  be  accepted  in 
America  and  in  many  other  parts  of  the  world. 

From  France  no  response  has  yet  been  obtained. 

The  Committee  wish  to  express  their  sincere  regret  at  the  death 
of  one  of  their  members,  Dr  Esselbach.  He  had  made  valuable 
experiments  on  the  electromotive  force  of  various  chemical  com- 
binations, and  had  promised  to  communicate  them  to  the  Com- 
mittee; but  their  record  is  now  probably  lost. 

Before  concluding,  the  Committee  have  to  thank  Mr  Charles 
Hockin  for  the  efficient  assistance  he  has  afforded,  both  in  the 
determination  of  the  resistance  unit  and  in  Dr  Matthiessen's 
researches. 


APPENDIX  A. — Description  of  a  further  Experimental  measure- 
ment of  Electrical  Resistance  made  at  King's  College.  By 
Prof.  J.  C.  MAXWELL  and  Mr  FLEEMING  JENKIN,  with  the 
assistance  of  Mr.  CHARLES  HOCKIN. 

The  method  employed  in  these  experiments  has  been  fully 
described  in  Appendix  D  to  the  Report  of  1863.  In  the  new 
experiments  the  elements  of  the  calculation  were  varied  as  much 
as  possible;  fresh  wire  was  wound  on  the  experimental  coils; 
observations  were  made  with  velocities  differing  widely  from  one 
another.  Fresh  measurements  were  made  of  all  the  corrections 
required,  and  greater  precautions  were  taken  to  avoid  local  dis- 
turbances. 

n,  the  number  of  windings,  was 313. 

I,  the  effective  length  of  the  wire  ...  311 '118  metres. 

-,  the  mean  circumference  0'993987  metre. 

a,  the  mean  radius  0*158194     „ 

6,  the  breadth  of  each  coil O1841 

26,  the  distance  from  centre  to  centre 

of  each  coil    0'03851 

c,  the  depth  of  the  layers    0*01 608 

The  weight  of  the  wire  and  silk 110  oz.  8  dwt. 

log  sin3  a  =  1-9624955. 

D,  the  distance  from  the  mirror  to  the  scale;  2212  millims.  in 

some  experiments,  2116  millims.  in  others. 
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The  following  Table  gives  the  result  of  the  experiments,  and 
the  comparison  with  those  of  1863. 


Time  of  100 
revolutions, 
in  seconds 

Values  found  for 
coil  in  terms  of 
107  for  each 
experiment 

Value  of  B.A.  unit  in 

.,  metre 
terms  of  10 

Value  from 
mean  of  each 
pair  of 
experiments 

Percentage 
error  from 
mean  value 

seconds  ' 
as  calculated  from 
each  experiment 

17-54 
17-58 

4-7201 
4-5914 

1-0121 
0-9836 

|    0-9978 

-0-22 

77-62 
76-17 

4-8848 
4-4871 

1-0468 
0-9613 

1     1-0040 

+  0-40 

53-97 
54-53 

4-6607 
4-6666 

0-9985 
0-9998 

|    0-9992 

-0-08 

41-76 
41-79 

4-6279 
4-6275 

0-9915 
0-9936 

|    0-9925 

-0-75 

54-07 
53-78 

4-6496 
4-6146 

0-9961 
0-9886 

|    0-9924 

-0-76 

17-697 
17-783 

4-6108 
4-7313 

0-9878 
1-0136 

|    1-0007 

+  0-07 

17-81 

17-78 

4-6452 

4-7489 

0-9952 
1-0174 

i    1-0063 

+  0-63 

17-01 
16-89 

4-7567 
4-6187 

1-0191 

1-9895 

|    1-0043 

+  0-43 

21-35 
21-38 

4-6834 

4-6727 

1-0034 
1-0011 

|    1-0022 

+  0-22 

21-362 
21-643 

4-6526 
4-7134 

0-9968 
1-0096 

|    1-0040 

+  0-40 

11-247 
16-737 

4-8658 
4-5305 

1  -0424 
0-9707 

|    0-9981 

-0-19 

Probable  error  of  R  (1864)  =  O'l  per  cent. 

Probable  error  of  R  (1863)  =  0'24  per  cent. 

Difference  in  two  values  1864  and  1863  =  0*16  per  cent. 

Probable  error  of  two  experiments  =  0*08  per  cent. 
In  constructing  the  standard  coil,  in  consideration  of  the  much 
greater  range  of  velocities  used  in  1864,  the  1864  mean  value  was 
allowed  to  have  five  times  the  weight  of  the  mean  value  obtained 
in  1863. 


APPENDIX  B. — On  the  Electrical  Permanency  of  Metals  and  Alloys. 
By  A.  MATTHIESSEN,  F.R.S. 

In  Appendix  A  of  the  Report  of  your  Committee  of  last  year, 
I  gave  the  results  of  some  experiments  made  to  test  the  electrical 
permanency  of  some  metals  and  alloys.  On  August  5  of  this  year 
I  re-tested  them,  and  give  the  results  in  the  following  Table, 
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taking  the  conducting  power  of  No.  15  =  lOO'OO,  as  was  done  in 
last  year's  Report. 


May  9, 
1862 

T. 

June  14, 
1863 

T. 

Aug.  5, 
1864 

T. 

1.   Silver:  hard-drawn    
2    Silver  •  annealed 

100-00 
100-00 

20-2 
20-2 

103-915 
99-947 

20-0 
20-1 

104-397 
100*013 

20*2 
20-1 

3    Silver*  hard-drawn    

100-00 

20-2 

102-807 

20-2 

103*655 

20-1 

4    Silver:  annealed  

100-00 

20-2 

100-031 

20-0 

100-048 

20-0 

5.   Copper:  hard-drawn  
6    Copper  *  annealed          .  . 

100-00 
100-00 

20-1 
20-1 

100-248 
100*015 

20-2 
20-0 

100-276 
100*010 

20-0 
20'1 

7    Copper  •   hard-drawn 

100-00 

20-0 

100-149 

19-8 

100'200 

20'2 

8    Copper  •  annealed       

100-00 

20*0 

9    Gold  :  hard-drawn  

100-00 

20-0 

100-045 

20-2 

100*000 

20'2 

10.   Gold:  annealed  

100-00 

20'0 

100-062 

20-0 

99-960 

20-2 

11.   Gold:  hard-drawn  

100-00 

20-0 

99-869 

20-2 

99*937 

20'0 

12    Gold'  annealed  

100-00 

20-0 

99'877 

20-3 

QQ-QfiO 

20  -O 

13.   Platinum:  hard-drawn  ... 
14.   Platinum  :  hard-drawn  ... 
15.   Gold-silver  alloy  :    hard- 
drawn  

100-00 

100-00 
100-00 

20-0 
20-0 

20'0 

99-951 
99-999 

100-000 

20-2 
20-2 

20'2 

99-989 
100-008 

lOO'OOO 

20-2 
20-1 

20*2 

16.   Gold-silver  alloy  :    hard- 
drawn  

100  '00 

19'9 

99*963 

20  "3 

QQ-QQfi 

9O-O 

17.   German  silver:  annealed 
18.   German  silver  :  annealed 
19.   German  silver  :  annealed 

100-00 
100-00 
100-00 

20-3 
20-3 

100-162 
100-145 
100-217 

20-0 
20-0 
20-2 

100-135 
100-152 
100-193 

20-0 
20-0 
20-2 

From  the  above  it  will  be  seen  that  the  following  wires  have 
not  sensibly  altered  in  their  conducting  power  during  the  space  of 
two  years : — 


No. 

May  9, 
1862 

June  14, 
1863 

August  5, 
1864 

Maximum 
difference 
corresponds  to 

2. 

100-00 

99-911 

99-977 

0-25 

4. 

100-00 

99-959 

99-976 

o-io 

6. 

100-00 

99-979 

100-010 

0-05 

9. 

100-00 

100-117 

100-072 

0-30 

10. 

100-00 

100-062 

100-032 

0*20 

*11. 

100-00 

99-941 

99-937 

0*15 

*12. 

100-00 

99-985 

99-960 

o-io 

13. 

100-00 

100*023 

100-061 

0-15 

14. 

100-00 

100-071 

100-044 

0-20 

15. 

100-00 

100*000 

100-000 

16. 

100-00 

99-963 

99-996 

Without  taking  into  consideration  the  corrections  due  to  temperature,  I  placed 
in  last  year's  Report  these  two  wires  with  those  whose  conducting  powers  had 
changed. 
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All  the  values  have  been  reduced  to  the  first  observed  tem- 
perature, assuming  that  all  pare  metals  vary  in  conducting  power 
alike  with  temperature.  The  correction  made  was  the  addition 
or  subtraction  of  O036  for  each  0°'l,  which  number  corresponds  to 
the  correction  of  conducting  power  for  temperature  at  20°.  No 
correction  has  been  made  in  the  cases  of  Nos.  15  and  16,  for  it  is 
so  small  that  it  may  be  neglected,  being  about  0*006  for  each  0°'l. 

As  stated  in  last  year's  Report,  the  differences  may  be  con- 
sidered due  to  temperature ;  for,  as  there  explained,  a  difference 
in  the  temperature  of  the  wire  and  the  bath  might  well  exist, 
and  we  find  in  most  cases  a  difference  in  the  conducting  power 
corresponding  to  0°'l  to  0°*2. 

It  is  interesting  to  find  that  hard-drawn  silver  and  copper  wires 
become  partially  annealed  by  age,  at  least  the  increment  in  the 
conducting  power  would  indicate  such  to  be  the  case.  In  the  case 
of  silver,  a  decided  increment  will  be  observed. 

No.  8,  copper,  annealed,  has  altered  so  much,  that  there  can  be 
no  doubt  that  it  was  badly  soldered. 

With  regard  to  the  alteration  observed  with  the  German- 
silver  wires,  it  may  here  again  be  stated  that  it  is  not  to  be 
assumed  that  all  wires  of  this  alloy  will  alter  in  like  manner.  An 
example  of  this  has  lately  come  to  my  notice.  About  two  years 
ago  I  made  a  coil  of  the  gold-silver  alloy,  which  was  compared 
with  one  of  Prof.  Thomson's  German-silver  coils ;  and  having  them 
still  in  my  possession,  they  have  now  been  re-compared,  with  the 
following  results : — 

July  8th,  1862.  Resistance  of  Thomson's  coil  being  1  at  18°'4, 
that  of  the  gold-silver  coil  was  -88445  at  18°'4. 

August  6,  1864.  Resistance  of  Thomson's  coil  being  1  at  18°'4, 
that  of  the  gold-silver  coil  was  -88447  at  18°'4. 

It  is  worthy  of  remark  that  the  first  comparison  was  made  by 
Dr  C.  Vogt,  the  last  by  Mr  C.  Hockin,  and  with  entirely  different 
apparatus,  showing  that  different  observers  with  different  apparatus 
obtain  absolutely  the  same  results  when  they  take  great  care  in 
making  the  observations. 

The  above  proves  that  the  conducting  power  of  all  specimens 
of  German-silver  wire  does  not  alter  by  age.  Further  experiments 
are  being  made  on  this  subject,  and  in  the  course  of  a  year  or  so 
we  shall  be  able  to  say  how  far  German-silver  may  be  trusted  for 
making  resistance  coils. 
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APPENDIX  C. — On  the  Reproduction  of  Electrical  Standards  by 
Chemical  Means.  By  A.  MATTHIESSEN,  F.R.S.,  and  C.  HOCKIN, 
Fellow  of  St  John's  College,  Cambridge. 

Having  been  requested  by  your  Committee  to  make  some 
experiments  with  the  view  of  discovering  the  best  method  of 
reproducing  a  unit  of  electrical  resistance  by  chemical  means,  we 
have  carried  out  the  research  of  which  we  now  propose  to  give 
the  results. 

The  experiments  have  been  made  with  unusual  care.  It  is 
important  to  point  out  the  degree  of  precaution  that  has  been 
taken  to  insure  trustworthy  results.  The  care  taken  in  these 
experiments  may  be  called  great  care  as  opposed  to  ordinary  care 
on  the  one  hand  and  thorough  care  on  the  other.  By  ordinary 
care  is  meant  the  care  usually  taken  in  scientific  research,  where 
no  extraordinary  precautions  are  had  recourse  to.  The  sort  of 
accuracy  obtained  when  a  unit  is  reproduced  with  ordinary  care 
may  be  seen  by  reference  to  former  results.  For  instance,  in  the 
determination  of  the  conducting  power  of  mercury,  described  in 
Phil.  Trans.,  results  were  obtained  differing  in  some  cases  by 
1'6  per  cent.  The  same  degree  of  accuracy  was  obtained  in  the 
determination  of  the  mercury  unit  by  Dr  W.  Siemens,  described 
in  Phil.  Mag. 

On  the  other  hand,  in  the  experiments  to  be  described,  and 
in  those  made  by  Mr  Sabine,  the  results  differ  by  only  a  few 
hundredths  per  cent. 

The  results  of  the  determinations  of  the  conducting  power  of 
the  gold-silver  alloy,  described  in  the  Phil.  Mag.  Feb.  1861,  differ 
from  each  other  by  1*5  per  cent.;  the  values  now  found  for  the 
same  quantity  differ  by  only  seven-hundredths  per  cent.  No  doubt 
if  greater  care  had  been  taken  and  more  perfect  instruments  used, 
still  better  results  would  have  been  obtained. 

Perhaps  the  great  difference  between  what  is  above  called  great 
care  and  ordinary  care  lies  in  the  time  employed.  The  experi- 
menter using  great  care  has  to  neglect  almost  all  consideration  of 
time,  and  repeat  his  experiments  at  reasonable  intervals,  in  all 
cases  in  which  it  is  possible  that  by  lapse  of  time  such  error  as  at 
first  there  is  no  means  of  detecting  may  increase  and  so  become 


FOR   ELECTRICAL   MEASUREMENTS  171 

apparent.  The  meaning  of  absolute  care  is  clear.  When  absolute 
care  is  taken  no  precautions  are  omitted,  the  best  instruments 
obtained,  and  every  care  taken  in  the  manipulation. 

The  apparatus  used  in  the  following  research  will  first  be 
described,  the  results  obtained  will  be  then  given,  and  finally  some 
remarks  made  on  them. 

DESCRIPTION  OF  APPARATUS. 

Battery. — The  battery  employed  was  a  single  Bunsen's  cell. 
The  wires  connecting  it  with  the  bridge  ran  parallel  to  each 
other  the  whole  of  their  length,  so  that  no  attraction  was  exercised 
on  the  magnet  of  the  galvanometer  by  the  current  traversing 
them  *. 

Balance. — For  measuring  the  resistance  of  the  wires  a  Wheat- 
stone's  balance,  as  modified  by  KirchhofF,  was  employed.  A  plan 
of  it  is  given  in  Plate  3  (fig.  1). 

L  and  R  are  two  resistance  coils  acting  as  the  arms  of  the 
balance.  They  are  joined  by  the  wire  A  A',  along  which  the 
block  B  connected  with  one  end  of  the  galvanometer  coil  can  be 
moved. 

The  wire  A  A'  of  the  instrument  was  made  of  an  alloy  con- 
taining 85  per  cent,  of  platinum  and  15  per  cent,  of  iridium. 
The  advantages  of  employing  this  alloy  are  that  it  does  not 
readily  oxidize,  that  it  does  not  change  much  in  conducting  power 
with  an  alteration  of  temperature,  and  that  it  does  not  alloy  with 
mercury. 

S  is  a  standard  coil  immersed  in  an  oil-bath. 

OP  is  the  wire  to  be  measured  or  compared  with  the  standard 
S,  and  is  immersed  in  a  large  trough  of  water. 

G  is  an  ordinary  galvanometer  by  which  approximate  results 
are  first  observed. 

6rj  is  a  very  sensitive  Thomson's  reflecting  galvanometer,  by 
which  the  final  observations  are  made. 

Mlf  MZ  etc.,  ml}  m2  etc.  are  mercury  cups  used  to  connect  the 
several  parts  of  the  circuit  by  thick  copper  rods  and  bars,  plainly 
shown  on  the  drawing.  The  arrangement  shown  was  found  con- 
venient, as  it  admitted  of  adjustment  to  various  positions  and 
dimensions  of  the  conductors  to  be  compared.  The  position  of  B 

*  The  battery  circuit  was  generally  broken,  and  was  closed  by  pressing  down  a 
treadle,  placed  under  the  table,  with  the  foot.     The  terminals  were  of  platinum. 
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on  the  wire  A  A'  could  be  observed  by  a  boxwood  scale  divided  into 
millimetres  and  a  pointer  on  the  block. 

K  is  a  key  used  to  complete  the  battery  circuit,  and  worked 
by  a  treadle  from  below.  An  enlarged  section  of  the  block  B  is 
given  in  fig.  3.  a  is  a  wooden  handle  by  which  the  rod  b,  with 
the  platinum  point  d,  can  be  depressed  so  as  to  come  in  contact 
with  the  wire  of  the  bridge.  When  the  pressure  of  the  hand  is 
removed  the  spring  e  lifts  the  handle  and  breaks  the  contact. 
The  galvanometer  wire  is  screwed  in  between  the  metal  plates  f 
and  g.  A  pad  of  gutta-percha  between  the  knob  h  and  the  handle 
prevented  any  sensible  thermal  current.  To  the  top  of  the  block 
was  fixed  a  piece  of  brass  with  a  slit  in  it  to  serve  as  a  pointer.  A 
lens  also  was  fastened  to  the  handle  to  read  fractions  of  a  milli- 
metre on  the  scale.  The  body  of  the  block  was  of  lead,  with  a 
slab  of  ebonite  at  the  top  and  bottom.  The  block  ran  on  a  tram- 
way parallel  to  the  scale  and  wire  of  the  balance. 

A  section  of  one  of  the  mercury  cups  is  given  at  fig.  2.  At 
the  bottom  of  the  cylindrical  cup  Imno  is  placed  an  amalgamated 
copper  plate,  and  mercury  is  poured  into  the  cup ;  the  plate  is 
held  down  by  the  wooden  cylinder  p,  and  this  is  kept  in  its  place 
by  the  pin  rs.  This  plug  fits  the  cup  closely,  and  is  pierced  with 
two  or  more  holes  for  the  terminals  to  pass  through.  The  cups 
were  propped  up  with  wedges,  when  placed  under  the  fixed 
terminals  of  the  balance,  that  these  might  press  firmly  against 
the  metal  bottoms  of  the  cups. 

Each  of  the  coils  R  and  L  had  a  resistance  of  about  20  metres 
of  the  wire  of  the  instrument.  Careful  measures  were  made  of  the 
resistance  of  the  wire  of  the  bridge  at  different  points  in  order  to 
find  if  there  were  any  very  faulty  points  in  it ;  this  was  done  by 
putting  the  coils  R  and  L  in  their  places,  and  increasing  the  resist- 
ance of  one  of  them  by  means  of  a  short  piece  of  wire.  The  effect  of 
this  wire  was  to  shift  the  zero-point.  Two  coils,  differing  about  one- 
tenth  per  cent.,  were  then  placed  in  the  centre  of  the  instrument 
and  the  reading  taken;  these  coils  were  then  reversed  and  the 
reading  again  taken. 

Suppose  21  the  resistance  of  the  circuit  from  the  point  B  to  B' 
when  the  short  wire  is  removed,  z  the  change  in  the  zero-point 
caused  by  the  insertion  of  the  short  wire  above  mentioned,  and  x 
the  difference  of  a  pair  of  readings,  resistances  being  expressed  in 
millimetres  of  the  wire  AA't  and  lengths  expressed  in  millimetres 
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of  the  scale  ;  then  the  resistance  of  a  millimetre  of  the  wire  of  the 
instrument  about  the  zero-point  is 

(I     z\   a"b    ?- 
'  a-f  6  *  x' 

T  is  the  ratio  of  the  two  centre  coils. 
b 

The  value  of  this  expression  was  found  for  different  points 
from  one  end  to  the  other  of  the  wire,  and  did  not  vary  more  than 
two  or  three-tenths  of  a  millimetre,  an  error  not  considerable 
enough  to  affect  the  results  obtained  with  the  instrument. 

The  value  of  the  coil  R  was  thus  found.  It  was  placed  in  the 
mercury  cups  m/,  m2' ,  and  the  cups  m1}  m?  were  joined  by  a  stout 
copper  bar.  Two  coils,  the  ratio  of  the  resistance  of  which  was 
known,  were  placed  in  the  two  centre  cups  and  the  reading  taken. 

Let  j-  be  the  ratio  of  two  centre  coils,  x  the  reading  of  scale, 

which  was  divided  from  A'  to  A,  R  +  r  the  resistance  of  the  circuit 
from  B'  to  the  point  of  wire  opposite  that  end  of  the  scale  nearest 
to  R,  viz.  A',  I  the  corresponding  quantity  for  the  other  side  of  the 
instrument. 
Then  clearly 

R  4-  r  +  x        a 
l  +  lOQO-x  =  b' 


or 


The  readings  are  given  in  the  following  Table  :- 


Ratio  of  - 
b 

Reading 

Value  of  R  +  r 

Value  of  R  +  r 

24  1 

120-5 

20987  +  24^ 

21215 

26  1 

186-5 

20964  +  26^ 

21210 

29 

269 

20930  +  29Z 

21205 

34 

375 

20875  +  34Z 

21197 

36 

409 

20867  +  361 

21208 

37 

425-25 

20841+  37^ 

21192 

39 

454-25 

20830  +  39^ 

21201 

42  1 

493-25 

20790  4-  42^ 

21188 

47  1 

547-25 

20732  +  47^ 

21177 

55  1 

613 

20672  +  55Z 

21193 

60  1 

645-25 

20625  +  60/ 

21194 

68  1 

688 

20528  +  68^ 

21173 

76  1 

720-75 

20483  +  76J 

21203 
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Zero-point  was  at  516. 

Resistance  of  half  length  of  circuit  is  21712  millimetres  of 
wire. 

All  these  values  are  within  necessary  errors  of  observation.  The 
first  few  values  are  most  to  be  relied  on,  as  the  values  of  r  +  R 
depend  nearly  directly  on  1000  —  r. 

So  many  measurements  were  made  in  order  to  find  whether  the 
wire  tapered  towards  either  end.  The  similarity  of  the  values 
found  for  R  4-  r  shows  this  better,  perhaps,  than  the  direct  method 
before  described. 

A  set  of  similar  measurements  were  made  with  the  coil  L  in 
the  left-hand  mercury  cups,  and  equally  good  results  obtained. 

The  galvanometer  employed  was  one  of  Thomson's  reflecting 
galvanometers,  made  by  Messrs  Elliott  Brothers.  A  short  coil 
was  employed.  The  instrument  was  placed  in  a  deal  box,  blackened 
inside,  with  large  apertures  to  observe  through.  The  spot  of  light 
could  thus  be  clearly  seen,  and  the  divisions  of  the  scale  were 
sufficiently  illuminated  to  enable  the  observer  to  see  immediately 
in  which  direction  the  spot  of  light  moved.  The  instrument  was 
sufficiently  delicate  to  show  O'OOl  per  cent,  difference  in  the  ratio 
of  any  two  nearly  equal  conductors  compared,  corresponding  to 
^  millim.  on  scale  of  bridge. 

An  ordinary  galvanometer  was  also  at  hand  to  find  about  the 
place  of  reading  on  the  scale. 

The  balance  employed  for  weighing  was  by  Liebrich  of  Giessen, 
and  would  weigh  to  j1^  of  a  milligramme  with  accuracy.  The 
weights  were  adjusted  by  Oertling,  and  again  tested  by  weighing 
them  against  the  largest  weight  (50  grms.).  Mr  Balfour  Stewart 
was  kind  enough  to  test  this  weight,  and  found  its  value  to  be 
exactly  50'000  grms.  All  weighings  made  in  this  research  were 
double  weighings. 

The  measurements  of  lengths  of  wires  tested  were  made  with 
a  beam-compass.  It  was  furnished  with  a  vernier  carrying  a 
telescope.  The  instrument  was  fixed  horizontally  before  a  window, 
the  ends  being  clamped  to  shelves  in  the  wall  on  either  side  of  the 
window. 

The  telescope  pointed  downwards,  and  the  wires  to  be  measured 
were  laid  on  a  board  fixed  below  the  instrument. 

With  this  apparatus  measurements  could  be  made  with  the 
greatest  certainty  to  ^  of  a  millimetre,  the  telescope  being  suffi- 
ciently powerful  to  show  much  smaller  lengths  than  this. 
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We  are  indebted  to  Mr  B.  Stewart  for  measuring  the  values  of 
the  divisions  of  the  instrument. 

Thermometers. — Two  thermometers  were  employed.  They 
were  made  by  Messrs  Negretti  and  Zambra.  One  was  divided  to 
J  of  a  degree  Centigrade,  the  other  to  single  degrees.  The  large 
thermometer  was  found  to  be  correct  by  the  Kew  standard.  The 
zero-points  of  the  thermometers  were  carefully  taken. 

Trough. — The  wires,  the  resistances  of  which  were  to  be  deter- 
mined, were  placed  in  a  glass  tube  immersed  in  a  trough  of  water. 

The  trough  was  1'5  m.  long  by  0'15  m.  square  section.  A  stream 
of  water  flowed  through  it,  coming  in  by  the  tube  V  (fig.  1)  and 
escaping  by  the  waste-pipe  W.  This  arrangement  was  adopted 
because  it  was  found  that  naphtha  or  oil  soon  acted  on  the  wires 
and  altered  their  resistance,  so  that  they  could  not  be  immediately 
exposed  to  the  action  of  a  liquid.  The  details  of  the  arrangement 
will  be  understood  by  reference  to  fig.  4. 

The  wire  to  be  tested,  ab,  was  soldered  at  its  ends  to  copper 
bars,  as  ac.  On  to  each  of  these  bars  was  slipped  a  piece  of  glass 
tubing,  as  ef.  These  tubes  were  fastened  to  the  copper  bars  by 
india-rubber  tubing.  The  wire,  with  its  connexions,  was  then 
placed  in  the  large  glass  tube  AB.  The  piece  of  tubing  ef 
was  then  fastened  to  the  bent  tube  CEDE  by  india-rubber 
tubing. 

The  ends  of  the  terminals  ac  were  beaten  out  flat  and 
amalgamated.  The  bent  tubes  were  nearly  filled  with  mercury, 
and  the  terminal  c  was  connected  with  the  mercury  cups  n^',  m?' 
of  the  instrument  by  copper  rods  amalgamated  at  each  end. 

The  resistances  of  the  wires  were  compared  with  those  of  coils 
of  German-silver,  well  varnished,  immersed  in  a  cup  of  oil.  The 
temperature  of  the  oil  was  determined  by  the  small  thermometer 
before  described. 

Method  of  observing. — The  wires  were  placed  in  the  trough 
and  the  connexions  made.  The  water  was  then  turned  on  and 
allowed  to  flow  for  about  fifteen  minutes.  The  large  thermometer 
was  placed  in  the  trough,  and  the  temperature  was  read  off  by 
means  of  a  lens  placed  so  as  to  avoid  all  error  of  parallax.  The 
small  galvanometer  was  then  connected  with  the  electric  balance, 
and  the  approximate  reading  found. 

The  large  galvanometer  was  next  connected,  and  the  block 
handle  pressed  down  until  any  thermal  current  that  existed  had 
ceased  to  cause  the  needle  of  the  galvanometer  to  oscillate.  The 
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battery  contact  was  then  made  for  an  instant  with  the  foot.  The 
slight  kick  given  by  the  spot  of  light  at  once  showed  which  way 
the  block  had  to  be  moved,  without  its  being  necessary  to  keep  the 
battery  on  long  enough  to  heat  the  conductors  sensibly. 

The  observing-room  was  kept  at  a  very  equable  temperature 
by  a  screen  before  the  window,  also  the  wire  of  the  balance  was 
protected  by  a  piece  of  boarding  from  the  heat  radiating  from  the 
observer's  body. 

After  every  observation  the  temperature  of  the  coil  and  the 
water  in  the  trough  was  read  off,  and  if  any  difference  was  observed 
between  these  readings  and  those  first  taken,  the  observation  was 
rejected  and  another  one  taken. 

Four  observations  were  made  on  each  wire  at  intervals  of  from 
twenty  to  forty  minutes. 

Before  noting  down  the  scale-reading  all  the  connectors  were 
moved,  and  if  no  change  in  resistance  was  observed  the  connexions 
were  presumed  to  be  good. 

All  results  are  given  in  terms  of  weight  and  length,  as  it  is 
impossible  to  measure  the  diameter  of  a  small  wire  with  the 
accuracy  with  which  the  weight  can  be  found;  moreover,  the 
cross  section  of  a  wire  is  not  generally  a  circle,  and  the  mean 
diameter  varies  slightly  from  point  to  point  however  carefully  it 
may  be  drawn. 

A  great  oversight  was  made  in  not  observing  the  specific 
gravity  of  each  wire,  so  that  the  results  of  the  experiments  now 
made  could  be  compared  with  former  ones.  This  omission  was 
first  made  because  it  was  thought  that  the  results  of  former  ex- 
periments could  be  used;  but  after  several  measurements  had 
been  made  it  was  found  that  the  values  of  the  specific  gravity  of 
wires  of  the  same  metal,  given  by  different  observers,  varied  so 
much  that  it  was  impossible  to  find  the  resistance  of  a  wire  of  a 
metal  of  which  the  length  and  sectional  area  are  known,  from 
the  resistance  of  a  wire  of  which  the  length  and  weight  are 
known,  without  taking  the  specific  gravity  of  the  wire  actually 
experimented  on. 

SILVER. 

Three  silver  wires  were  compared. 

No.      I.  from  commercially  pure  nitrate  of  silver. 
No.    II.  from  French  coin. 
No.  III.  from  English  coin. 
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The  silver  was  first  dissolved  in  nitric  acid  and  then  diluted 
with  water  and  precipitated  by  hydrochloric  acid.  The  chloride 
was  then  well  washed,  and  afterwards  fused  with  pure  carbonate 
of  sodium.  The  resulting  button  of  silver  was  fused  a  second 
time  with  borax  and  a  little  nitrate  of  potassium;  lastly,  before 
casting,  it  was  fused  with  a  piece  of  charcoal  floating  on  the  top. 
The  mould  wa*s  about  35  millimetres  long  by  4J  millimetres 
diameter.  The  drawing  of  the  wire  was  conducted  with  the  ut- 
most care.  The  wire  was  annealed  only  twice  during  the  process. 

In  drawing  all  wires  the  end  first  entering  the  hole  was 
reversed  at  each  successive  drawing,  after  it  had  been  drawn  down 
to  about  one-half  its  required  diameter.  The  wires  were  twice 
drawn  through  each  of  the  smallest  holes,  the  ends  being  reversed 
as  before. 

To  measure  the  harder  wires  they  were  straightened  by  rolling 
them  between  two  smooth  boards,  and  then  passed  through  a 
thermometer  tube  of  such  a  length  that  the  ends  just  projected 
from  the  tube,  the  long  ones  being  cut  into  two  or  three  lengths 
for  the  purpose.  It  was  found  that  the  wire  could  be  pulled  out 
of  the  tube  and  reinserted  many  times  without  altering  the  length 
by  half  one-tenth  of  a  millimetre.  Some  care  was  necessary  in 
soldering  the  wires  to  their  connexions.  A  small  lump  of  hot 
solder  was  placed  in  the  terminal,  and  the  end  of  the  wire  steadily 
and  slowly  pushed  into  it  until  it  set.  Thus  the  boundary  between 
the  wire  and  solder  was  well  defined,  and  the  wire  could  be  cut  off 
at  exactly  the  required  point.  The  wires  were  weighed  and 
measured  after  the  resistance  had  been  taken. 

The  care  taken  in  drawing  the  silver  wires  accounts  for  the 
close  agreement  of  the  results.  Another  wire  was  drawn  as  rapidly 
as  possible  through  the  latter  holes  to  harden  it,  and  a  difference 
of  3^-  per  cent,  was  found  in  its  conducting  power. 

The  results  are  given  in  the  following  Table : — 


Temperature  of  coil 

o 

21-1 
21-2 
21-4 
21-3 
Length  1-5906  m. 


Wire  No.  I. 


Reading  of  bridge-scale 

888 
888 
890 
891 
Zero-point  at  514*25. 


Temperature  of  wire 

21-3 
21-3 
21-4 
21-4 
Weight  2*9208  grammes. 


B.  A. 
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Temperature  of  coil 

18-8 
19-0 
19-3 
19-4 
Length  1-6749  m. 


18-6 
18-8 
19-3 
19-8 
Length  1-3692  m. 


No.  II. 

Reading  of  bridge-scale 

194 
199 
204 
206 
Zero-point  at  514*25. 

No.  III. 

840 
855 
870 
880 
Zero-point  at  5137. 


Temperature  of  wire 

19-3 
19-4 
19-5 
19-6 
Weight  3-4419  grammes. 


18-2 

18-8 

19-2 

19-5 

Weight  2-1572  grammes. 


Resistance  of  metre-gramme  wire  No.      I.  TOOOO 

No.     II.  0-9991 
No.  III.  0-9986 

COPPER. 

Three  copper  wires  were  tried.  The  copper  employed  was 
electrotype  copper,  and  it  was  drawn  without  previous  fusion. 
The  copper  of  wires  Nos.  I.  and  II.  was  prepared  by  Messrs  De  la 
Rue  &  Co.,  that  of  No.  III.  wire  as  follows : — Sulphate  of  copper 
was  made  by  dissolving  electrotype  copper  in  pure  sulphuric  acid, 
and  twice  recrystallizing :  the  copper  was  obtained  from  the  sul- 
phate thus  prepared  by  electrolysis;  it  was  precipitated  on  a  greased 
platinum  pole,  the  other  pole  being  of  electrotype  copper. 

Wire  No.  I. 

Temperature  of  wire 

21-2 
21-3 
21-3 
21-4 
Weight  3-9867  grammes. 


Temperature  of  coil 

23-4 
23-6 
23-7 
23-8 
Length  1-9324  m. 

Reading  of  bridge-scale 

244 
246 
248 
250 
Zero-point  at  514. 

20-1 
20-5 
20-8 
20-8 
Length  1181-05  m. 


21-6 
21-8 
21-8 
22-0 
Length  1-6187  m. 


No.  II. 

198 

217 

221 

223 

Zero-point  at  514. 

No.  III. 

565 
570 
573 
572-5 
Zero-point  at  514. 


19-9 
20-2 
20-4 
20-45 
Weight  1-4908  gramme. 


20-8 
21 
21 
21 
Weight  2-7151  grammes. 
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Resistance  of  metre -gramme  of  wire  No.      I.  1*0000 

No.    II.  1-0005 
No.  III.  1-0011 


GOLD. 

Three  gold  wires  were  tried. 

No.      I.  from  Australian  gold. 
No.    II.  from  English  coin. 
No.  III.  from  English  coin. 

The  metal  was  first  dissolved  in  nitro-hydrochloric  acid,  the 
excess  of  acid  was  then  evaporated  off,  and  the  salt  largely 
diluted  with  water  to  precipitate  the  chloride  of  silver.  After 
filtering  the  gold  was  precipitated  by  sulphurous  acid,  the  pre- 
cipitate collected  in  a  small  beaker,  and  washed  four  times  with 
hydrochloric  and  nitric  acid  alternately.  After  drying  it  was  fused 
with  borax  and  nitrate  of  potassium  and  cast.  It  was  again  fused, 
and  finally  cast  in  the  mould. 


Temperature  of  coil 

20-2 
20-4 
20-4 
20-8 
Length  0*8854  m. 


21-6 
21-6 
21-6 
21-8 
Length  0-9998  m. 


19-8 
20-1 
20-5 
20-8 
Length  1-0211  m. 


Wire  No.  I. 

Reading  of  bridge-scale 

849 
849-8 
851-5 
852-5 
Zero-point  at  515-2. 

No.  II. 

634-5 
638 
638 
638 
Zero-point  at  515-2. 

No.  III. 

782 
788 
784-6 
797 
Zero-point  at  515. 


Temperature  of  wire 

18-8 
18-8 
18-9 
18-9 
Weight  2-2200  grammes. 


20-2 
20-3 
20-3 
20-3 
Weight  2-9021  grammes. 


19-2 
19-4 
19-6 
19-8 
Weight  2-9753  grammes. 


Resistance  of  metre-gramme  of  wire  No.      I.  1*0000 

No.    II.  0-9998 
No.  IIL  0-9995 

12—2 
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LEAD. 

With  lead  very  good  results  were  obtained.  Five  wires  were 
determined.  The  wires  were  pressed  at  a  gentle  heat,  the  press 
being  carefully  bored  and  cleaned  beforehand.  As  the  wire  came 
from  the  press  it  was  received  on  a  smooth  board.  It  was  then  at 
once  soldered  on  to  the  connexions  and  placed  in  the  trough.  The 
solder  employed  was  Wood's  cadmium  alloy.  After  being  cut 
from  the  connectors  the  wire  was  straightened  by  rolling  between, 
two  boards  with  great  care ;  it  was  then  placed  on  the  board 
beneath  the  beam-compass,  adjusted  to  the  groove  below  the  line 
of  motion  of  the  cross  wires  of  the  telescope,  and  carefully 
measured  and  then  weighed. 

Wire  No.  I.  was  cut  from  a  bar  of  commercially  pure  lead,, 
prepared  by  Mr  Baker  of  Sheffield. 

Wire  No.  II.  made  from  lead  obtained  by  heating  the  acetate 
thrice  recrystallized.  This  specimen  was  kindly  prepared  by 
Mr  Mathews. 

Wire  No.  III.  from  the  acetate  of  lead  of  commerce  twice 
crystallized. 

Wire  No.  IV.  from  the  acetate  of  lead  of  commerce  three  times 
crystallized. 

Wire  No.  V.  from  the  seventh  recrystallization  of  acetate  of 
lead.  Kindly  prepared  by  Professor  Atkinson. 


Temperature  of  coil 

o 

18-1 
18-2 
18-3 
18-4 
Length  O4907  m. 


16-4 
16-4 
18-0 
18-1 
Length  0-5100  m. 


17-0 
17-0 
17-2 
17-4 
Length  0-4910- m. 


Wire  No.  I. 

Reading  of  bridge- scale 

355 

362 

362 

362 

Zero-point  at  514. 

No.  II. 

855 
867 
869 
869 
Zero-point  at  514*5. 

No.  III. 

746 

748 

748 

748 

Zero-point  at  516. 


Temperature  of  wire 

o 

17-5 

17-8 

17-6 

17-6 

Weight  2-0689  grammes. 


17-1 
17-5 
17-6 
17-6 
Weight  2-1320  grammes. 


16-1 
16-2 
16-2 
16-3 
Weight  1-9883  gramme. 
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Temperature  of  coil 

o 

17-2 
17-6 
177 
17-8 
Length  488*2  m. 


No.  IV, 

Reading  of  bridge-scale 

525 

529 

530 

535 

Zero-point  at  515-2. 


Temperature  of  wire 

15-3 
15-3 
15-3 
15-4 
Weight  1-9991  gramme. 


18-8 
18-8 
19-1 
19-6 
Length  0*4915  m. 


No.  V. 

628 
628 
634 
640 
Zero-point  at  515-5. 


17-8 
17-8 
18-0 
18-2 
Weight  2-0253  grammes. 


Resistance  of  metre-gramme  of  wire  No.      I.  1 '00000 

II.  1-00045 

III.  1-00029 

IV.  1-00054 
V.  1-00026 


GOLD-SILVER  ALLOY. 

No.  I.  Part  of  the  alloy  formerly  prepared  for  the  experi- 
ments described  in  PhiL  Mag.  Feb.  1861,  and  there  described  as 
wire  No.  I. 

No.  II.     Part  of  No.  VII.  there  described. 

No.  III.     Part  of  No.  VIII.  there  described. 

No.  IV.  From  the  first  three  alloys  mixed  and  refused  and 
drawn. 

No.  V.     Alloy  reprepared  from  the  pure  metals. 


Temperature  of  coil 

o 

17-8 
18-4 
19-8 
20-0 
Length  0'5374  m. 


Wire  No.  I. 

Reading  of  bridge-scale 

816-0 
821-6 
831-5 
845-0 
Zero-point  at  51 7  "6. 


Temperature  of  wire 

o 

17-8 
18-2 
20-2 
21-2 
Weight  1-8607  gramme. 
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Temperature  of  coil 

o 

18-4 
18-8 
19-6 
20-0 
Length  0-4263  m. 


19-2 
20'0 
18-6 
19-0 
Length  0*3709  m. 


18-8 
19-0 
19-1 
19-3 
Length  0-5472  m. 


18-8 
19-0 
19-2 
19-2 
Length  0-6333  m. 


No.  II. 

Reading  of  bridge-scale 

481-0 
482-4 
486-0 
497'6 
Zero-point  at  517'3. 

No.  III. 

594-0 
600-2 
595-4 
596-0 
Zero-point  at  517'4. 

No.  IV. 

870 
870 
869 
869 
Zero-point  at  514*5. 

No.  V. 

542-0 
541-6 
541-4 
541-8 
Zero-point  at  515. 


Temperature  of  wire 

18-6 
18-8 
19-4 
21*3 
Weight  1-2082  gramme. 


17-8 
19-2 
18-2 
18-5 
Weight  0-9052  gramme. 


17-8 
17-9 
18-0 
18-0 
Weight  1-9199  gramme. 


17-6 
17-7 
17-6 
17-7 
Weight  2-6497  grammes. 


Results  for  Gold-silver  alloy. 

Resistance  of  metre-gramme  of  wire  No.      I.  1 '00000 

No.  II.  0-99963 
No.  III.  1-00017 
No.  IV.  1-00036 
No.  V.  0-99996 


MERCURY. 

Three  tubes  were  filled  with  mercury  and  their  resistance 
taken. 

Tubes  Nos.  I.  and  II.  with  distilled  mercury  treated  with  nitric 
and  sulphuric  acid. 

Tube  No.  III.  with  mercury  distilled  from  a  specimen  which 
contained  a  small  quantity  of  gold. 
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The  lengths  of  the  column  are  given  below  in  their  order. 


Tube  I. 

Tube  II. 

Tube  III. 

mm. 

mm. 

mm. 

383 

291 

245 

384 

288 

242 

390 

289 

240 

386 

287 

240 

389 

288 

242 

384* 

288 

243 

381 

291 

243 

377 

290 

244 

384^ 

292 

246 

392 

288 

246 

399 

288 

248 

405 

289 

248 

407 

288 

252 

407 

288 

253 

406 

288 

254 

413 

290^ 

254 

418 

292 

257 

424 

293 

228 

416-5 

295 

260 

416 

297 

262 

414 

265 

405 

267 

405 

G' 

log-' 

log- 

=1-9995018. 

=1-9998710. 

=  1-9995614. 

Several  other  kinds  of  mercury  were  tried  in  one  and  the  same 
tube,  and  the  resistances  found  to  be  the  same  within  two  or  three 
hundredths  per  cent. 

Sixteen  tubes  were  obtained,  picked  from  a  great  number,  and 
of  these  the  three  best  ones  were  taken.  No.  I.  was  not  so  good  a 
tube  as  the  others,  as  the  outside  was  uneven,  rendering  it  im- 
possible to  calibrate  it  with  very  great  accuracy. 

To  calibrate  a  tube  it  was  taken  and  carefully  cleaned  with 
pure  nitric  acid,  and  then  with  a  solution  of  caustic  potash.  It 
was  then  well  rinsed  with  distilled  water,  and  dried  by  passing  a 
current  of  hot  air  through  a  chloride-of-calcium  bulb  and  then 
through  the  tube.  A  small  column  of  mercury  was  put  in  the 
tube,  and  the  length  of  column  measured  by  the  beam-compass. 
The  column  was  shifted  along  the  tube  by  sucking  up  or  blowing 
through  an  india-rubber  tube  with  a  chloride-of-calcium  tube 
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inserted  between  it  and  the  tube  to  be  calibrated.  By  this  arrange- 
ment the  column  could  be  adjusted  with  the  greatest  nicety  to 
the  place  in  the  tube  required.  The  lengths  of  the  column  were 
taken  at  equal  intervals  from  one  end  of  the  tube  to  the  other. 
The  formula  for  correction  used  is  given  below. 

Let  C  be  conducting  power  of  a  tube  of  uniform  bore  and  of 
length  and  capacity  equal  to  that  of  tube  considered ;  C"  observed 
conducting  power.  Then 


where  n  is  the  number  of  measurements  made,  \  the  length  of  the 
column  of  mercury  in  any  position,  the  summation  extending  to 
all  the  readings  taken. 

The  ends  of  the  tubes  were  ground  by  putting  some  emery 
powder  and  naphtha  on  a  slate  table,  holding  the  tube  vertically 
upright  with  the  left  hand,  and  with  the  right  hand  rubbing  the  end 
of  the  tube  in  contact  with  the  table  round  the  circumference  of  a 
small  circle.  Thus  the  end  of  the  tube  was  made  slightly  convex, 
the  opening  being  at  the  apex  of  the  convexity.  To  measure  the 
tubes  they  were  placed  under  the  beam-compass,  and  a  stout  pin 
inserted  partially  into  each  end. 

From  the  shape  of  the  ends  of  the  tube,  the  point  where  the 
pin  emerged  from  the  tube  could  be  exactly  seen  and  the  measure- 
ment made  with  certainty.  Many  measurements  were  made 
turning  the  tube  round  its  axis  through  a  small  angle  before  each 
measurement,  and  the  mean  of  the  lengths  found  taken  for  the 
true  length.  To  find  the  weight  of  the  tube  full  of  mercury  it  was 
carefully  cleaned,  filled  with  mercury,  and  placed  in  a  long  narrow 
trough  full  of  pure  mercury.  The  tube  was  held  down  by  iron 
weights,  a  thermometer  inserted  in  the  trough,  and  the  apparatus 
allowed  to  stand  until  the  temperature  was  constant.  After  the 
true  temperature  had  been  obtained  the  tube  was  taken  out  of  the 
trough  and  the  contents  weighed. 

This  was  managed  in  the  following  manner.  One  operator 
took  hold  of  the  tube  by  pressing  a  finger  against  each  end  and 
lifting  from  the  trough ;  the  little  globules  adhering  to  the  out- 
side of  the  tube  were  then  rapidly  removed  by  two  assistants 
with  brushes. 
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The  mercury  was  then  allowed  to  flow  slowly  out  into  a  small 
porcelain  crucible  and  weighed.  In  this  way  pretty  consistent 
results  were  obtained  if  the  tubes  were  cleaned  before  each 
filling. 

To  determine  the  resistance  of  the  tubes  they  were  placed  in 
the  water  trough,  with  bent  pieces  of  tubing  fastened  on  to  the 
ends  with  india-rubber  tubing  and  reaching  above  the  surface  of 
the  water. 

The  terminals  were  of  copper,  well  amalgamated.  They  dipped 
into  the  bent  tubes  and  came  flat  against  the  ends  of  the  tubes 
the  resistance  of  which  was  to  be  determined.  In  the  calculation 
of  the  weight  of  mercury  at  0°  in  the  tube  from  the  observed 
weight,  Regnault's  value  for  the  expansion  was  used. 

Connexions  of  amalgamated  platinum  were  first  used,  but  did 
not  give  good  results.  It  was  found  that  the  amalgamation  was 
imperfect.  The  mercury  adhering  to  the  platinum  was  rubbed  off 
against  the  ends  of  the  tube,  and  the  resistance  varied  with  the 
height  of  the  mercury  in  the  bent  tubes.  The  platinum  was 
amalgamated  by  dipping  it  into  a  mixture  of  mercury  and  sodium 
amalgam.  The  sodium  was  then  oxidized  and  dissolved  off  by 
dipping  the  platinum  in  a  little  dish  of  water  and  hydrochloric 
acid.  The  terminal  was  then  drawn  through  a  dish  of  clean 
mercury,  so  that  the  water  floated  off.  The  platinum  was  then  for 
the  time  beautifully  amalgamated ;  but  the  mercury  soon  drained 
off  when  the  plate  was  exposed  to  the  air,  and  could  be  easily  rubbed 
off  even  when  the  platinum  was  immersed  in  mercury. 


Tube  No.  I. 


18-1 
18-4 

18-4 
18-8 

Wt.,  temp.  19-6 
„      '    21-0 

20-8 
Wts.  reduced  to  21° 


e  of  coil 

Reading  of 
bridge-  scale 

Temperature  of  wire 

I 

346-0 

18-2 

1 

349-2 

18-6 

4 

349-2 

18-8 

3 

348-0 

18-0 

grms. 

Zero-point  515 

Length  0-9365  m. 

24-7021 

24-6930 

24-6950 

1°:— 

24-6958 

24-6930 

24-6940 
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Tube  No.  II. 


Temperature  of  coil 

Reading  of 
bridge-  scale 

Temperature  of  wire 

O 

o 

19-6 

188-0 

19-0 

19-9 

186-8 

19-05 

20-0 

186-5 

19-1 

20-0 

186-5 

19-1 

o 

grms. 

Length  0*6563  m. 

Wt  at  21-2     

12-3140 

21-6 

,   12-3132 

Tube  No.  III. 


19-0 
19-0 
19-1 
19-15 

Wt  at  22-2  

grms. 

8-2894 

633-5 
633-1 
631-7 
631-3 

18-9 
18-8 
18-8 
18-8 
Length  0*5497  m. 

22-2  ,.., 

8-2836 

Results. 

Resistance  of  tube  No.  I.  1 '00000 
No.  II.  0-99849 
No.  III.  1-00000 

An  approximate  table  is  subjoined  of  the  resistances  of  a 
metre-gramme  of  the  different  metals  in  terms  of  the  B.  A.  unit, 
1864  :— 

Copper  0-1469 

Silver 01682 

Gold  0-4150 

Gold-silver  alloy   T668 

Lead  2'257 

Mercury 13'06 

From  the  foregoing  results  we  may  draw  these  conclusions : — 
That  with  great  care  a  unit  may  be  reproduced  with  great 
accuracy  by  any  of  the  metals  or  alloys  above  mentioned. 

Of  those  tested  it  appears  that  lead  is  the  most  preferable  on 
account  of  its  easy  purification,  and  because  the  presence  of  im- 
purities, amounting  to  several  per  cent.,  produce  no  very  dispro- 
portionate effect  on  its  conducting  power.  For  instance — 
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Conducting  power  of  lead  is     7'77 

Of  lead  with  12'7  per  cent,  volume  of  tin  is  8*13 

10-6         „  „  cadmium    ...  8'38 

2-3         „  „  bismuth 7'0 

„  3*8         „  „  antimony   ...  7'1 

2-3         „  „  silver 7'9 

With  the  other  metals  and  alloys  tested  a  much  greater 
difference  is  found  in  the  conducting  power  when  such  impurity 
exists. 

A  few  examples  will  show  this. 

The  conducting  power  of  pure  copper  is    100 

Of  copper  with  1*6  per  cent,  in  volume  of  silver    65 

Of  silver  with    T2         „  „  gold 59 

Pure  silver  being  taken  as  100. 

Of  gold  with  1'2  per  cent,  of  silver    73'8 

The  conducting  power  of  pure  gold  being  78. 

If  the  conducting  power  of  mercury  is    10'9 

That  of  mercury  with  118  per  cent,  volume  of  lead  is  ...  11'5 

1-8          „  „  tin    11-8 

1'8          „  „  zinc 12-4 

0-7          „  „  gold 11-6 

1-2          „  „  silver   ...  11-6 

The  manipulation  with  lead  is  rendered  easier  by  its  high 
resistance. 

Mercury  is  easily  purified,  and  good  results  are  always 
obtained  with  it.  It  would,  however,  in  reproducing  a  unit,  be 
necessary  to  distil  the  mercury,  because  traces  of  such  impurities 
as  silver  and  gold,  which  may  easily  get  into  it  when  in  use  in  a 
laboratory,  cannot  be  removed  by  treatment  with  nitric  acid. 
The  chief  labour  is  in  selecting  and  calibrating  the  tubes,  and  this 
is  very  great. 

The  results  obtained  with  the  gold-silver  alloy,  even  when 
prepared  by  different  persons,  supposing  great  care  used,  give  very 
accordant  results ;  and  for  the  easiness  with  which  it  can  be  made 
it  may  be  recommended  for  producing  a  unit. 

Electrotype  copper  would  appear  a  good  substance.  The 
agreement  of  results  obtained  with  commercial  electrotype  copper 
with  those  obtained  with  copper  prepared  from  pure  salts  shows 
this. 
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.The  maximum  difference  of  the  conducting  powers  of  electro- 
type copper,  as  observed  with  ordinary  care,  is  1*6  per  cent.  Copper 
is  not,  however,  to  be  preferred,  as  great  care  and  some  practice  is 
necessary  to  draw  a  good  wire. 

The  purification  and  drawing  of  pure  gold  and  silver  would,  in 
the  hands  of  anyone  but  a  chemist,  lead  to  no  good  results,  in  all 
probability.  These  facts  being  considered,  we  should  prefer  lead 
for  the  reproduction  of  a  unit.  No  doubt  it  would  be  well  to  use 
two  or  three  substances  to  check  the  results.  For  these  auxiliary 
substances  mercury  and  the  gold-silver  alloy  maybe  recommended. 
The  choice  between  these  two  will  depend  on  the  appliances  of  the 
individual  observer.  When  thorough  care  is  taken  all  the  above 
means  ate  equally  good. 

On  forming  an  opinion  on  the  difficulty  of  reproducing  a  unit 
by  chemical  means  it  must  be  remembered  that  if  anything  like 
accuracy  is  wished  for,  not  only  expensive  and  delicate  apparatus 
is  required,  but  also  very  much  time  must  be  spent,  and  a  great 
deal  of  experience  in  the  manipulation  is  required.  The  ex- 
periments here  described  extended  over  about  six  months.  Any 
person  wishing  -to  reproduce  a  unit  should  bear  these  considera- 
tions in  mind,  especially  as  it  is  the  intention  of  your  Committee 
to  cause  coils  to  be  issued  representing  a  known  resistance.  That 
copies  of  a  given  resistance  can  be  made  to  a  much  greater  accuracy 
than  that  to  be  obtained  by  chemical  or  other  known  means  of 
reproduction,  and  that  coils  can  be  compared  by  different  observers 
with  different  apparatus  to  almost  any  degree  of  accuracy  (although 
this  fact  has  been  brought  into  question  by  a  former  experimenter), 
is  proved  by  the  following  facts. 

The  two  units  which  have  come  into  our  hands,  made  by 
Messrs  Siemens  and  Halske  from  copies  of  the  coil  used  last  year 
by  your  Committee  for  the  determination  of  the  absolute  unit', 
were  compared  against  the  standard  coil  and  found  to  agree  with 
it  within  two-hundredths  per  cent.  Again,  copies  of  Weber's  unit, 
one  made  of  the  gold-silver  alloy,  the  other  of  German-silver,  were 
compared  at  the  interval  of  two  years  by  different  observers  with 
different  apparatus,  and  the  results  found  to  agree  to  one-half  a 
hundredth  per  cent. 

It  is  from  the  fact  that  copies  can  be  produced  with  almost 
absolute  accuracy,  with  a  minimum  of  cost  and  labour  as  compared 
with  chemical  or  mechanical  means  of  reproduction,  that  we  seem 


FOR   ELECTRICAL  MEASUREMENTS  189 

quite  justified  in  recommending  all  who  wish  to  obtain  a  standard 
to  procure  a  copy  of  the  British- Association  unit,  or  any  other  in 
general  use.  As  copies  of  the  British-Association  unit  are  being 
sold  at  a  reasonable  price  by  several  of  the  leading  instrument 
makers,  which,  we  are  given  to  understand,  will  agree  together 
very  closely,  we  confidently  recommend  the  adoption  of  this  unit. 

And,  in  conclusion,  we  still  adhere  to  the  opinion,  given  in 
Appendix  C  of  the  Report  of  1862,  that  the  best  means  of  repro- 
ducing a  unit,  for  those  who  have  not  the  opportunity  of  procuring 
a  copy,  and  who  cannot  afford  the  time  and  expense  necessary  to 
reproduce  the  unit  with  great  care,  is  to  procure  a  given  length 
and  weight  of  the  gold-silver  alloy,  such  as  shall  have  been  found 
equal  to  the  unit  adopted  (the  quantity  required  being  very  nearly 
0'5995  of  a  metre  of  a  wire,  one  metre  in  length  of  which  would 
weigh  a  gramme)  for  the  British- Association  unit. 


FOURTH  EEPORT— BIRMINGHAM,    1865. 

THE  Committee  have  the  pleasure  of  reporting  that  the  object 
for  which  they  were  first  appointed  has  now  been  accomplished. 

The  unit  of  electrical  resistance  has  been  chosen  and  deter- 
mined by  fresh  experiments ;  the  standards  have  been  prepared, 
and  copies  of  these  standards  have  been  made  with  the  same  care 
as  was  employed  in  adjusting  the  standards  themselves;  seven- 
teen of  these  copies  have  been  given  away,  and  sixteen  have 
been  sold. 

The  chief  work  of  the  Committee  this  year  has  been  done  by 
Dr  A.  Matthiessen.  Last  year's  Report  announced  the  completion 
of  the  experiments  determining  the  resistance  in  absolute  measure 
of  a  certain  coil  of  German-silver  wire.  Taking  this  coil  as  the 
basis,  Dr  Matthiessen,  assisted  by  Mr  C.  Hockin,  prepared  ten 
standards,  each  expressing  the  British- Association  unit  of  electrical 
resistance ;  two  of  these  standards  are  coils  of  platinum  wire,  two 
are  of  platinum-silver  alloy,  two  are  coils  of  wire  drawn  from  a 
gold-silver  alloy,  two  are  coils  of  wire  drawn  from  a  platinum- 
iridium  alloy,  and  the  remaining  two  are  tubes  of  mercury. 

The  wires  employed  in  the  coils  are  from  0'5  millim.  to  0*8 
millim.  diameter,  and  range  from  one  to  two  metres  in  length. 
They  are  insulated  with  white  silk,  and  are  wound  round  a  long 
hollow  bobbin  of  brass.  The  wires  are  imbedded  in  solid  paraffin, 
and  enclosed  in  a  thin  brass  case,  which  allows  the  coils  to  be 
plunged  in  a  bath  of  water  by  which  their  temperature  may  be 
conveniently  regulated  and  observed.  Two  short  copper  terminals 
project  from  the  case  and  are  forked  at  their  ends,  so  that  they 
may  be  connected  with  Wheatstone's  balance  in  the  manner  re- 
commended by  Professor  W.  Thomson,  avoiding  the  error  due  to 
the  possible  resistance  of  connexions.  The  mercury  standards 
consist  of  two  glass  tubes  about  three-quarters  of  a  metre  in 
length. 
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These  ten  standards  are  equal  to  one  another  and  to  the  British- 
Association  unit,  at  some  temperature  stated  on  the  coil  or  tube, 
and  lying  between  14°'5  and  1()°'5C. 

None  of  them,  when  correct,  differ  more  than  0*03  per  cent, 
from  their  value  at  15°'5  C. 

In  the  choice  of  the  material  of  which  the  standards  are  con- 
structed, the  Committee  have  been  much  assisted  by  the  experi- 
ments on  permanency  made  by  Dr  Matthiessen. 

Silver  and  copper  were  found  to  alter  in  their  resistance  simply 
by  age.  German-silver  was  also  found  to  alter  in  some  cases. 

These  materials  had  therefore  to  be  rejected.  Gold  appears 
constant;  but  owing  to  its  low  specific  resistance  a  considerable 
length  would  have  been  required,  unless  a  wire  had  been  adopted 
of  very  small  diameter.  This  was  not  thought  desirable,  for 
several  reasons :  any  slight  decay  or  injury  in  the  surface  of  a 
small  wire  would  cause  much  greater  alteration  in  the  resistance 
than  the  same  injury  to  a  large  wire ;  a  small  wire  would  be  more 
liable  to  mechanical  injury,  and  would  be  much  more  rapidly 
heated  by  the  passage  of  currents.  The  Committee  having  rejected 
small  wires  for  these  reasons,  thought  it  unnecessary  to  incur  the 
expense  of  a  large  and  thick  gold  wire.  The  great  change  of 
resistance  caused  by  a  change  of  temperature  furnished  another 
reason  for  rejecting  gold  and  other  pure  metals.  One  pair  of 
standards,  however,  was  made  of  platinum*,  which  appeared  the 
most  suitable  of  all  the  pure  metals.  Platinum  and  the  three 
alloys  named  appear  all  to  be  very  constant — that  is  to  say,  their 
resistance  is  not  altered  by  age,  or  even  by  being  subjected  to 
considerable  heat  and  recooled. 

These  materials  also  possess  considerable  mechanical  strength ; 
they  are  not  easily  injured  by  chemical  action,  they  have  con- 
siderable specific  resistance,  and  the  resistance,  in  the  case  of  the 
three  alloys,  changes  little  with  a  change  of  temperature. 

It  is  of  course  impossible  to  say  with  certainty  that  their 
resistance  will  not  vary  with  time ;  but  it  is  most  unlikely  that  the 
resistance  of  all  will  vary  in  the  same  ratio.  If,  therefore,  as  is 
hoped,  the  eight  coils  made  of  such  different  materials  retain  their 
relative  values,  some  confidence  may  be  felt  in  the  permanence  of 
the  unit. 

Some  additional  security  is  given  by  the  power  of  reproducing 
*  See  Report  for  1908. 
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the  unit,  if  lost,  by  chemical  means,  or  by  fresh  experiments  on 
absolute  electro-magnetic  measure,  although  neither  of  these 
means  at  present  appear  to  give  such  perfect  accuracy  as  would 
be  secured  by  the  permanency  of  a  material  standard.  Fresh 
absolute  experiments  of  the  kind  described  in  previous  Reports 
would  hardly  reproduce  the  same  value  much  within  one  part  in 
a  thousand;  and  Dr  Matthiessen,  as  appears  from  last  year's 
Report,  is  not  very  sanguine  of  obtaining  a  better  result  than  this 
by  chemical  means.  Thus  a  difference  exists  in  Dr  Siemens's  and 
Dr  Matthiessen's  reproduction  of  a  unit  by  means  of  mercury,  as 
pointed  out  in  last  year's  Report.  It  is  of  course  probable  that 
differences  of  this  kind  will  in  time  disappear;  and  Dr  Siemens 
fairly  points  out  that  the  discrepancy  mentioned  in  last  year's 
Report,  between  coils  made  from  a  very  old  and  those  made  from 
a  new  determination  of  the  mercury  unit,  affords  no  criterion  of 
the  accuracy  with  which  mercury  can  now  be  used  as  a  means  of 
reproduction.  Dr  Siemens  was  the  first  person  who  produced 
numerous  sets  of  coils  accurately  adjusted;  and  although  unable 
to  recommend  the  adoption  of  his  unit  of  resistance,  the  Com- 
mittee once  more  take  an  opportunity  of  expressing  their  sense  of 
the  high  value  of  Dr  Siemens's  researches  on  the  reproduction  of 
units  by  means  of  mercury.  Dr  Siemens  is  confident  that  a  unit 
can  be  and  has  been  reproduced  by  means  of  mercury  with  an 
accuracy  of  0*05  per  cent.;  but,  meanwhile,  the  chief  security  for  the 
permanency  of  the  unit  consists  in  the  preservation  of  standards 
constructed  in  various  ways  and  of  various  materials. 

The  mercury  tubes  furnish  an  additional  security.  A  molecular 
change  may  occur  in  the  wires,  that  is  to  say,  they  may  become  of 
harder  or  softer  temper;  they  may  be  injured  chemically  in  course 
of  time  by  some  action  on  their  surface ;  it  is  just  possible  that 
the  repeated  passage  of  currents  may  alter  them  in  some  way, 
although  we  have  no  reason  as  yet  to  expect  such  an  alteration. 

Mercury  is  free  from  all  these  objections.  Its  temper  cannot 
vary,  and  as  it  would  be  purified  afresh  on  each  occasion,  it  will 
be  chemically  uninjured. 

On  the  other  hand,  some  fresh  dangers  may  occur  in  its  use. 
The  tubes  themselves  may  alter  in  time,  or  the  mercury  may  not 
always  be  absolutely  pure.  Absolute  security  cannot  be  had ;  but 
the  choice  of  a  variety  of  materials  will  probably  prevent  any 
serious  alteration  from  occurring  without  detection. 
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The  copies  which  have  been  issued  are  similar  in  form  to  the 
standard  coils;  but  the  terminals  are  simple  thick  copper  rods, 
intended  to  be  dipped  in  mercury  cups.  The  security  given  by 
this  mode  of  connexion  is  sufficient  for  all  ordinary  purposes,  and 
it  was  feared  that  the  use  of  the  double  terminals  might  not  be 
everywhere  understood.  The  platinum-silver  alloy  has  been  used 
in  all  the  copies.  Wire  made  of  this  alloy  is  very  strong  and 
ductile.  It  can,  for  instance,  be  drawn  down  to  a  diameter  of 
0*0002  inch.  Its  resistance  is  not  permanently  altered  even  by  a 
great  change  of  temperature,  and  even  annealing  hardly  affects 
it.  Moreover,  the  change  in  its  resistance  due  to  a  variation  of 
1°  Centigrade  is  at  ordinary  temperature  only  0'032  per  cent., 
being  less  than  that  of  any  other  alloy  tested.  It  is  also  a  com- 
mercial alloy,  which  has  been  long  used  by  dentists;  and  Dr 
Matthiessen  points  out,  as  a  curious  coincidence,  that  many  com- 
mercial alloys  coincide  with  proportions  indicating  peculiar 
electrical  properties.  Vide  Appendix  A. 

The  copies  of  the  standard  have  been  supplied  for  £2.  10s.  in 
boxes,  with  small  mercury  cups  for  the  connexion,  and  with  a 
printed  direction  for  use  inside  the  box,  stating  the  temperature  at 
which  that  particular  coil  is  equal  to  1  B.A.  unit. 

A  satisfactory  proof  of  the  accuracy  with  which  these  coils 
have  been  prepared  was  given  by  four  independent  observations, 
by  practical  electricians  not  belonging  to  the  Committee,  of  the 
relative  value  of  four  distinct  B.A.  coils  and  four  independent 
standards  issued  by  Dr  Siemens. 

These  four  observations  gave  10456,  10455,  10456,  and  10457 
as  the  measures  of  Siemens's  standard,  in  terms  of  the  B.A.  units, 
proving  the  accuracy  both  of  Dr  Siemens's  work  and  that  of  the 
Committee. 

Twenty  coils  were  to  be  distributed  gratis,  and  seventeen  have 
actually  been  given  away  to  the  following  recipients : — 

The  Directors  of  Public  Telegraphs  in 

France.  Spain.  Prussia. 

Austria.  Italy.  Sweden  and  Norway. 

Belgium.  Portugal.  Russia. 

India.  Victoria. 

Queensland.  New  South  Wales. 

Also  to  Professor  Kirchhoff,   Dr  Joule,  Professor  Neumann,  and 
Professor  Weber. 

B.  A.  13 
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Three  remain  for  distribution.  Sixteen  have  been  sold.  Dr 
Faraday,  on  behalf  of  the  Royal  Institution,  was  the  first 
purchaser. 

In  distributing  the  coils,  it  was  thought  best  not  to  give  them 
to  institutions,  where  they  would  probably  have  laid  on  a  shelf 
useless  and  unknown,  but  rather  to  distribute  them  widely,  where 
they  might  become  available  to  practical  electricians. 

The  new  unit  has  been  actually  employed  to  express  the  tests 
of  the  Atlantic  Telegraph  Cable.  Mr  Varley  promises  that  the 
unit  shall  in  future  be  the  basis  of  the  coils  used  by  the  Electric 
and  International  Company. 

Sir  Charles  Bright  promises  that  the  unit  shall  be  exclusively 
used  by  the  British  and  Irish  Magnetic  Telegraph  Company. 

A  standard  has  been  supplied  to  the  Royal  Engineers  at  their 
request.  The  head  of  the  Telegraph  Department  in  India  has 
introduced  the  unit,  and  there  is  little  doubt  that  the  British 
Colonies  generally  will  adopt  it. 

More  time  will  certainly  be  required  to  introduce  it  on  the 
Continent.  The  French  Government  has  taken  no  steps  to  insure 
its  introduction ;  but  M.  Blavier,  the  official  editor  of  the  Annales 
Telegraphiques,  has  promised  his  cordial  support  to  the  Committee. 
The  Austrian  Government  has  promised  to  use  the  coils  experi- 
mentally, and  the  German  gentlemen  to  whom  coils  were  given 
have  promised  to  give  their  best  assistance. 

Coils  have  also  been  bought  by  the  managers  of  two  large 
telegraphic  establishments  in  Switzerland,  at  Neuchatel  and 
Zurich.  There  is  therefore  reason  to  hope  that  the  unit  may  come 
into  extensive  use. 

When  standard  galvanometers,  Ley  den  jars,  and  electrometers 
are  issued,  all  forming  part  of  one  coherent  and  necessary  system, 
it  is  probable  that  the  B.A.  unit  will  be  found  so  much  more  useful 
than  any  other  as  to  supplant  them  entirely.  Until  these  further 
issues  take  place,  it  will  only  be  adopted  either  by  men  who 
can  understand  the  advantage  given  by  it  in  calculation,  or  by 
electricians  who  feel  confidence  in  the  recommendations  of  your 
Committee. 

With  a  view  to  experiments  which  will  allow  of  these  further 
issues  of  electrical  units,  a  large  electrodynamometer  has  been 
designed  and  is  nearly  complete.  Graduated  Leyden  jars,  with 
air  as  the  only  dielectric,  have  also  been  designed  and  are  nearly 
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ready  for  use.  An  apparatus  for  the  determination  of  the 
quantity  called  v  in  Appendix  C  of  the  1863  Report  is  in  the 
same  condition.  Prof.  W.  Thomson  has  for  some  time  had  ready 
apparatus  for  absolute  measurements  of  electrical  effects,  but  his 
connexion  with  the  Atlantic  Cable  has  suspended  his  work.  Dr 
Joule  promises  fresh  measurements  of  the  mechanical  coefficient 
of  heat,  and  has  only  been  delayed  by  the  want  of  experiments 
which  other  members  of  the  Committee  must  previously  complete. 
In  conclusion,  the  Committee  are  at  last  able  to  report  one 
positive  result,  but  they  feel  that  much  more  remains  to  be  done. 

APPENDIX  A. — On  the  Construction  of  the  Copies  of  the  B.A.  unit. 
By  A.  MATTHIESSEN,  F.R.S.,  and  Mr  CHARLES  HOCKIN. 

The  standard  coil  used  in  the  experiments  at  King's  College, 
described  in  the  Report  of  your  Committee  for  1864,  was  put  into 
our  hands  about  last  Christmas,  in  order  that  unit  coils  represent- 
ing a  resistance  equal  to  ten  million  metres  per  second  in  Weber's 
•electro-magnetic  system  might  be  made  from  it. 

Since  that  time  several  unit  coils  have  been  made  and  issued. 

We  propose  to  state  the  method  by  which  these  coils  were 
made,  and  the  reasons  for  choosing  the  particular  alloy  which  has 
been  adopted  for  the  conductor.  The  alloy  referred  to  is  composed 
of  66  per  cent,  of  silver  and  33  of  platinum. 

This  alloy  possesses  many  properties  which  fit  it  for  the  use  to 
which  it  has  been  put. 

As  to  its  electrical  properties : — 

I.  It  alters  less  in  electrical  resistance  with  changes  of  tem- 
perature than  any  other  known  alloy. 

The  importance  of  this  point  needs  hardly  to  be  enforced  on 
.anyone  who  has  used  resistance-coils. 

The  increment  in  the  resistance  of  the  alloy  due  to  a  change 
•of  temperature  from  0°  to  100°  C.  is  only  3'2  per  cent. 

II.  The  conducting  power  of  the  alloy  is  very  low,  and  is  about 
one-half  that  of  German-silver. 

III.  The  conducting  power  of  the  alloy  is  not  altered  by 
baking,  that  is  by  exposing  it  to  a  temperature  of  about  100°  C. 
for  several  days. 

This  is  a  property  of  great  importance,  for  it  has  been  observed 
that  those  conductors  which  do  not  alter  by  baking,  do  not  alter 
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by  age  either.    The  experiments  by  which  this  has  been  established 
have  been  published  in  former  Reports. 

IV.  The  conducting  power  of  a  wire  of  the  alloy  is  little 
altered  by  annealing. 

Further,  the  alloy  does  not  oxidize  by  exposure  to  the  air ;  it 
does  not  readily  alloy  with  mercury;  it  makes  a  sufficiently  pliable 
wire,  and  can  be  drawn  to  a  very  great  degree  of  fineness. 
Dentists  have  made  considerable  use  of  it  in  consequence  of  its 
good  chemical  and  mechanical  properties*.  Of  this  alloy  twenty 
unit  coils  have  been  made  and  sent  to  several  leading  electricians 
at  home  and  abroad.  The  form  of  bobbin  adopted  for  putting  up 
the  wire,  and  shown  in  Plate  4,  fig.  1,  has  been  found  very  con- 
venient, as  it  can  be  immersed  in  water  during  an  observation. 
The  wire  is  twice  coated  with  silk,  and  protected  by  being  im- 
bedded in  solid  paraffin. 

Besides  the  coils  already  mentioned,  ten  unit  coils  have  been 
made,  which  will  be  deposited  at  the  Kew  Observatory. 

Anyone  possessing  a  copy  of  the  B.A.  unit  may  have  it  com- 
pared at  any  future  time  against  one  of  these  coils  for  a  small 
payment. 

Of  the  coils  to  be  sent  to  Kew,  two  are  of  the  platinum-silver 
alloy,  two  of  the  gold-silver  alloy,  two  of  a  platinum-iridium  alloy, 
and  two  of  commercially  pure  platinum.  Two  mercury  units  have 
also  been  prepared. 

With  so  many  coils  for  reference,  made  of  such  different 
metals,  it  appears  quite  improbable  that  the  unit  now  proposed 
should  be  lost. 

Along  with  the  above-mentioned  coils  will  be  preserved  the 
standard  coil  used  in  the  experiments  first  referred  to,  the  coil  used 
in  the  similar  experiments  made  by  your  Committee  in  1863,  and 
several  copies  of  these  coils. 

Of  the  coil  called  "June  4th"  in  the  Report  of  your  Committee 
for  1863,  two  German-silver  copies  have  been  made.  Of  the  other 
coil  used  in  1864,  two  German-silver,  two  gold-silver,  and  one 
platinum-silver  copy  have  been  made. 

These  coils  have  twice  been  recompared  together  at  intervals 
of  three  months,  and  will  be  again  compared ;  and  if  they  are  still 

*  Messrs  Johnson  and  Matthey  inform  us  that  this  alloy  has  been  in  use  for 
nearly  twenty  years. 
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found  not  to  have  altered,  they  will  be  deposited  at  the  Kew 
Observatory  for  reference,  their  values  being  engraved  on  them. 
The  method  adopted  to  obtain  the  unit  from  the  standard 
which  had  at  a  certain  temperature  a  resistance  of  4*6677  B.A. 
units  was  this  : — 

Goils  were  made  with  the  following  approximate  resistances, 
viz. : — 

Two  coils  nearly  equal  to    £  unit,  called  \n  and  \b. 
„  .,  1    unit,      „      la    „     16. 

One  coil  „  2    units,     „      2. 

2J  units,    „      2J. 

The  electrical  balance  used  was  that  described  in  a  paper  on 
the  reproduction  of  a  unit  by  chemical  means,  in  the  Report  of 
your  Committee  for  1864. 

With  this  instrument  two  conductors,  differing  in  resistance  by  „ 
not  more  than  3  per  cent.,  could  be  directly  compared,  and  the 
ratio  found  depended  on  to  0*0025  per  cent. 

Mumerous  comparisons  were  made  by  means  of  this  balance 
between  the  following  sets  of  coils,  viz.: — 

\  a  was  compared  with  J  6. 
|a  +  |6         „  „  la. 

la        „  „  16. 

la +  16         „  „  2. 

2  + Ja        „  „  2*. 

2  +  2J         „  „  standard. 

By  taking  the  mean  of  several  very  concordant  observations, 
the  value  of  the  coil  1  a  was  found  in  terms  of  the  standard,  and 
therefore  of  the  unit,  to  a  great  degree  of  accuracy ;  and  from  this 
coil  the  first  platinum-silver  unit  was  constructed. 

All  the  coils  to  be  issued  are  recompared  some  weeks  after  they 
are  made,  and  rejected  if  they  are  found  to  have  altered  in 
resistance  by  0*01  per  cent. 

All  the  coils  sent  out  are  correct  at  the  temperature  written  on 
them  to  within  O'Ol  per  cent.,  and  this  temperature  lies  between 
14'5  and  16'5  in  all  cases. 
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THE  Committee  have  much  pleasure  in  reporting  that  during 
the  past  year  considerable  progress  has  been  made,  and  that  the 
principal  instruments  required  by  the  Committee  for  experiments 
have  been  completed  and  are  in  use. 

Experiments  have  been  conducted  by  Dr  Joule,  having  for  their 
object  the  determination  of  the  mechanical  equivalent  of  heat,  by 
observing  the  heat  generated  in  part  of  a  voltaic  circuit,  the  re- 
sistance of  which  was  measured  in  absolute  units  by  means  of  the 
standard  of  resistance  issued  by  the  Committee. 

Last  year  preliminary  experiments  of  this  kind  had  been  made 
by  Dr  Joule,  and  the  agreement  which  he  then  reported  between 
his  mechanical  equivalent  obtained  by  frictional  experiments  and 
that  obtained  by  the  electrical  method  was  so  close  as  to  lead  to  a 
suspicion  that  it  was  partly  fortuitous. 

The  experiments,  which  have  this  year  been  conducted  with 
every  possible  care,  "give  783  as  the  value  derived  from  the 
B.A.  standard  of  resistance,  while  772  is  the  well-known  number 
derived  from  friction. 

The  details  of  the  'experiments  are  contained  in  an  Appendix 
which  accompanies  this  Report.  Dr  Joule  states  his  opinion  that 
the  electrical  method  has  been  carried  out  with  greater  accuracy 
than  the  frictional  method,  assuming  the  B.A.  standard  to  be  an 
exact  decimal  multiple  of  the  absolute  unit.  The  following 
extract  from  Dr  Joule's  Report  will  show  the  laborious  nature  of 
the  experiments.  He  says,  "The  last  and  most  perfect  series  of 
experiments  comprise  thirty  for  the  thermal  effect  of  currents  in 
the  spiral,  thirty  for  the  effect  of  radiation,  etc.,  and  thirty  for  the 
horizontal  intensity  of  the  earth's  magnetism."  Dr  Joule  expresses 
himself  willing  to  make  a  new  determination  by  friction.  Mean- 
while the  experiments  already  completed  remove  all  fear  of  any 
serious  error,  either  in  the  number  hitherto  used  as  "Joule's 
equivalent"  or  in  the  B.A.  standard — a  fear  which  hitherto,  re- 
membering the  very  discrepant  results  obtained  by  others,  has 
been  very  naturally  entertained  even  by  the  Sub-committee  from 
whose  experiments  the  standard  was  constructed. 
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In  connexion  with  the  measurement  of  resistances,  Mr  C.  W. 
Siemens  has  invented  a  simple  and  excellent  contrivance,  by 
which  the  measurement  of  resistances  can  be  made  by  persons 
wholly  unaccustomed  to  electrical  experiments.  They  have  only, 
after  the  necessary  connexions  are  made,  to  turn  a  screw  till  a 
needle  stands  opposite  a  fiducial  mark,  when  the  resistance  required 
may  be  read  directly  on  a  scale  with  considerable  accuracy.  Mr 
Siemens  proposes  to  apply  this  invention  to  pyrometers,  where 
the  resistance  read  will  indicate  the  temperature,  and  the  only 
electrical  connexions  required  will  be  the  joining  of  the  battery- 
wires  to  two  terminals.  Other  applications  of  this  invention  will 
doubtless  arise,  and  extend  the  practical  application  of  electrical 
measurements.  A  full  description  of  the  instrument  is  contained 
in  the  Appendix.  Mr  Siemens  reports  very  favourably  of  this 
instrument,  which  possesses  considerable  advantage  in  cheapness 
and  portability.  Mr  Siemens  has  constructed  the  instrument,  and 
made  the  experiments  entirely  at  his  own  expense. 

An  instrument  similar  in  object,  and  suggested  by  the  above, 
is  also  described  by  Mr  Jenkin  in  an  Appendix. 

Mr  Hockin  has  tested  the  constancy  of  the  standard  resistance- 
units,  with  satisfactory  results,  except  in  the  case  of  one  mercury 
tube.  The  exact  result  of  Mr  Hockin's  comparisons  are  appended. 
He  suggests  that  lead-glass  was  used  for  the  mercury  tube,  and 
that  the  glass  may  consequently  have  been  injured  by  the  nitric 
acid  used  to  clean  it. 

Mr  Hockin  has  also  made  interesting  experiments  on  the 
construction  of  large  resistances  by  the  use  of  selenium.  He  finds 
that  resistances  of  one  million  units  and  upwards  can  be  made  of 
this  material,  and  that  these  artificial  resistances  maintain  a 
sensibly  constant  resistance  at  high  temperatures,  such  as  100°  C. 
It  is  hoped  that  these  very  high  artificial  resistances  will  be  found 
useful  in  practice  and  much  superior  to  those  hitherto  constructed 
of  gutta-percha  or  other  insulators,  which  were  of  comparatively 
little  use  in  accurate  work,  owing  to  absorption,  change  of  resis- 
tance with  temperature,  and  inconstancy  when  kept  for  any 
considerable  time.  These  valuable  experiments  have  not  caused 
any  expense  to  the  Association. 

The  determination  of  a  unit  of  capacity  has  occupied  Dr 
Matthiessen,  Mr  Hockin,  Mr  Foster  and  Mr  Jenkin  during  the 
last  two  years. 
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Very  considerable  difficulties  have  been  encountered,  and  are 
not  yet  \vholly  overcome.  The  methods  by  which  both  the  elec- 
trostatic and  electromagnetic  units  can  be  determined,  and 
multiples  or  sub-multiples  prepared,  are  sufficiently  simple  in 
theory;  but  they  assume  that  the  condensers  or  Ley  den  jars 
compared  have  really  a  definite  capacity,  and  that  with  a  given 
electromotive  force  between  the  induction  surfaces  a  definite 
quantity  of  electricity  will  be  contained  in  the  jar  or  condenser. 
This  is  very  far  from  true  with  condensers  of  ordinary  form. 
Whether  the  dielectric  separating  the  plates  be  glass,  mica,  gutta- 
percha,  paraffin,  ebonite,  or  any  other  known  solid  insulator,  an 
absorption  of  electricity  takes  place;  the  longer  the  plates  are 
charged,  the  more  electricity  the  condenser  will  contain,  and,  con- 
versely, it  will  continue  to  discharge  itself  for  a  very  long  period 
after  the  inner  and  outer  armatures  have  been  joined.  With  some 
of  the  best  insulators  the  effect  will  continue  for  hours,  if  not  for 
days.  Condensers  made  with  these  solid  dielectrics  have  there- 
fore no  definite  measurable  capacity.  This  capacity  will  differ 
according  to  the  time  during  which  they  have  been  charged ;  and 
it  may  also  vary  with  extreme  variation  in  the  electromotive  forces 
employed,  although  this  latter  change  has  not  been  detected  when 
the  differences  of  potential  are  such  as  between  one  Daniell's  cell 
and  two  hundred  cells. 

Only  gaseous  dielectrics  appear  free  from  this  embarrassing 
peculiarity,  called  absorption,  polarization,  or  residual  charge. 
One  object  of  the  Sub-committee  has  therefore  been  to  construct 
condensers  in  which  air  alone  separates  the  induction-plates.  But 
new  difficulties  arose  in  carrying  this  idea  into  practice.  Some 
support  for  each  plate  was  necessary,  and  then  leakage  occurred 
from  one  plate  to  another  over  the  surface  of  any  small  insulating 
supports  employed,  such  as  glass  balls  or  vulcanite  stems.  It  was 
possible,  by  great  care  in  drying  the  air,  occasionally  to  make  con- 
densers of  this  type,  which  would  remain  insulated  for  a  short 
time,  or  even  for  some  months ;  but  long  experience  has  shown 
that  an  artificially  dried  atmosphere  cannot  be  conveniently 
'  maintained  in  any  instrument  which  is  not  hermetically  sealed. 

Dust  also  accumulated  between  the  plates  of  the  trial  con- 
densers; this  altered  their  capacity  and  increased  the  leakage 
from  plate  to  plate.  Even  a  single  filament  of  dust,  by  spring- 
ing up  and  down  between  the  two  electrified  surfaces,  would 
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occasionally  bring  them  to  the  same  potential  with  great  rapidity, 
neutralizing  the  charge  ;  moreover  a  condenser  of  this  type  could 
not  be  taken  to  pieces  and  cleaned,  for  no  mechanical  contrivances 
could  insure  that  the  parts  after  cleaning  would  return  to  their 
original  position  so  exactly  as  to  constitute  a  condenser  of  the 
same  capacity  before  and  after  the  cleaning.  It  is  therefore  clear 
that  an  air-condenser  can  only  be  constructed  in  an  hermetically 
sealed  case,  containing  an  artificially  dried  atmosphere ;  and  even 
with  these  conditions,  excluding  the  graduated  and  adjustable 
condensers  which  were  first  tried,  the  air-condenser  is  not  easily 
constructed.  For  large  capacities,  which  are  alone  useful  in  con- 
nexion with  practical  telegraphy,  the  plates  require  to  be  so 
numerous  and  large  as  to  make  the  expense  great  and  the  bulk 
very  inconvenient. 

It  is  hoped  by  the  use  of  tin  plates  soldered  to  metal  rods,  and 
supported  on  insulated  stems  inside  a  soldered  metal  case,  that 
these  objections  may  be  partly  avoided ;  but  meanwhile  practical 
men  have  introduced  condensers  of  a  more  convenient  form, 
overlooking  the  disadvantage  which  they  all  possess  of  ill-defined 
capacity. 

These  condensers  consist  of  sheets  of  tinfoil  separated  by 
paraffin  and  paper,  a  preparation  of  gutta-percha,  or  mica — three 
plans  adopted  by  Mr  Varley,  Mr  Willoughby  Smith,  and  Mr 
Latimer  Clark  respectively. 

Condensers  of  this  type  have  been  made  approximately  equal 
to  a  knot  of  some  submarine  cable ;  and  the  rough  units  thus 
introduced  are  gradually  creeping  into  use,  although  all  elec- 
tricians have  been  anxious  that  the  Committee  should  issue  a 
more  scientific  standard.  Under  these  circumstances,  Mr  Jenkin 
has  adjusted  a  mica-condenser,  approximately  equal  to  10~14 
absolute  electromagnetic  units.  The  capacity  of  this  condenser  is 
assumed  as  that  which  it  possesses  after  electrification  for  one 
minute,  and  is  measured  by  the  discharge  through  a  galvanometer, 
in  the  manner  usually  practised  when  testing  the  charge  of  a  sub- 
marine cable.  The  formula  for  obtaining  the  measurement  in 
absolute  units  from  the  throw  of  the  needle  is  very  simple,  re- 
quiring only  observations  of  the  time  of  oscillation,  of  a  resistance 
in  absolute  measure,  and  of  a  deflection  of  the  galvanometer- 
needle.  All  of  these  observations  can  readily  be  made,  so  that 
their  accumulated  error  cannot  exceed  one  per  cent.;  and  for  the 
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present  purpose  this  accuracy  is  sufficient,  inasmuch  as,  when 
using  the  condenser,  small  variations  inevitably  occur,  arising  from 
the  residual  discharge.  While,  therefore,  the  new  provisional  unit 
of  capacity  has  no  claim  to  a  high  scientific  accuracy,  it  will  supply 
a  practical  want  and  introduce  a  unit  based  on  the  principles 
adopted  by  the  Committee,  in  place  of  the  random  measures 
supplied  by  a  knot  of  Persian-Gulf  or  Atlantic  cable. 

No  decision  has  yet  been  arrived  at  whether  the  new  unit  shall 
be  issued  by  the  Committee  or  on  Mr  Jenkin's  own  responsibility, 
nor  has  the  price  been  fixed. 

The  experiments  by  which  it  has  been  obtained  are  given  in 
an  Appendix. 

The  practical  applications  of  the  standard  of  capacity  are 
important.  It  will  allow  the  capacity  of  submarine  cables  to  be 
universally  expressed  in  comparable  figures,  and  may  lead  to  im- 
provement by  the  diminution  of  the  specific  inductive  capacity  of 
the  insulator,  precisely  as  the  introduction  of  units  of  resistance 
has  assisted  the  improvement  in  insulation  and  conductivity. 

The  electromagnetic  capacity  standard  will  also,  by  comparison 
with  the  electrostatic  standard  about  to  be  made,  furnish  one  mode 
of  determining  the  constant  called  v  in  previous  Reports,  a  number 
of  much  importance  in  the  theory  of  electricity. 

The  next  unit  or  standard  for  consideration  is  that  of  the 
difference  of  potentials  or  electromotive  force  in  absolute  measure, 
concerning  which  the  experiments  have  been  wholly  in  Sir  William 
Thomson's  hands.  He  reports  that  he  has  at  last  succeeded  in 
constructing  a  series  of  electrometers  capable  of  measuring  dif- 
ferences of  potential  ranging  from  fo  of  a  Daniell's  cell  up  to 
100,000  cells,  and  that  these  measurements  can  all  be  reduced  to 
absolute  units  by  comparison  with  one  instrument  of  the  series. 

This  class  of  instruments  has  been  created  by  Sir  William 
Thomson,  who  year  by  year  has  produced  electrometers  each  sur- 
passing its  predecessor,  both  in  accuracy  and  delicacy ;  but 
although  those  who  have  had  practical  experience  of  the  admirable 
results  obtained  by  these  have  for  the  last  two  or  three  years 
believed  that  the  limit  of  excellence  has  been  reached,  Sir  William 
Thomson  has  not  ceased  to  invent  better  and  simpler  forms, 
until  the  instruments  now  supplied  surpass  every  expectation  of 
practical  electricians  and  furnish,  indeed,  a  new  engine  for  elec- 
trical research. 
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The  chief  difficulties  encountered  have  been  the  insulation  of 
the  Leyden  jar,  which  has  formed  an  essential  part  of  all  the 
contrivances,  its  maintenance  at  a  constant  potential,  and  the 
reduction  to  absolute  measurement.  In  the  present  instrument 
absolutely  perfect  insulation  is  no  longer  required ;  for  by  a  new 
device  for  converting  mechanical  force  into  statical  electricity 
(first  constructed  by  Mr  Varley  in  1859)  Sir  William  Thomson  is 
able  at  any  moment  to  replenish  the  jar  by  a  few  turns  of  a 
handle,  and,  by  a  gauge  electrometer,  he  can  insure  that  the  same 
charge  is  constantly  maintained  in  the  instrument.  The  difficulty 
of  the  reduction  to  absolute  units  consists  in  the  difficulty  of 
comparing  the  extremely  small  forces  produced  by  electrostatic 
attraction  with  the  force  of  gravitation,  and  in  the  accurate 
measurement  of  the  extremely  small  distances  which  separate  the 
attracting  surfaces.  Sir  William  Thomson  reports  that  these 
difficulties  have  been  overcome  in  his  opinion,  and  that  he  will  be 
shortly  in  a  position  to  construct  and  issue  a  simple  pattern  of  an 
absolute  electrometer  or  gauge  of  potential  which  will  serve  as  a 
standard  for  general  use. 

Further  experiments  and  tests  are,  however,  required  before 
this  can  be  done,  as  any  precipitation  would  only  injure  the 
interests ,  of  the  Committee.  It  is  right  here  to  mention  that  the 
above  experiments  have  been  carried  out  almost  entirely  at  the 
expense  of  Sir  William  Thomson. 

The  replenisher,  which  is  founded  on  the  principle  of  the 
electrophorus,  may  very  possibly  supersede  the  old  form  of  elec- 
trical machine  entirely ;  it  has  some  analogy  with  the  electro- 
magnetic machines  lately  invented  by  Mr  C.  W.  Siemens  and 
Professor  Wheatstone,  by  which  intense  dynamic  effects  are  evolved 
from  the  smallest  initial  trace  of  magnetism  by  the  conversion  of 
mechanical  force  into  electric  currents,  and  was,  indeed,  suggested 
by  this  invention  to  Sir  William  Thomson,  who  reinvented  the 
plan  patented  by  Mr  Varley*. 

A  modification  of  the  same  contrivance  will  allow  the  com- 
parison of  extremely  minute  quantities  of  electricity,  such,  indeed, 
as  might  be  accumulated  on  a  pin's  head;  by  a  series  of  rapid 
inductions  a  charge  is  accumulated  on  the  electrode  of  an  electro- 
meter, which  may  be  made  equal  in  potential  to  that  on  the  pin's 
head,  but  infinitely  exceeding  it  in  quantity;  the  effect  of  this 

*  A  similar  plan  was  proposed  by  Mr  Nicholson  in  1785  (vide  Phil.  Trans.). 
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charge  in  the  electrometer  can  then  be  observed  without  difficulty, 
and  any  increase  or  diminution  in  the  quantity  of  electricity  on 
the  pin's  head  or  proof  plane  can  be  detected  and  the  rate  of  loss 
or  increase  observed.  The  potentials  to  which  various  small 
bodies  are  charged  can  also  be  observed  by  the  same  method,  the 
advantage  of  which  consists  in  the  fact  that  the  original  charge  on 
the  body  tested  is  undisturbed  by  the  test,  whereas  by  any  of  the 
older  tests  the  charge  was  altered  by  being  touched  by  a  proof 
plane  or  by  the  electrode  of  the  electrometer. 

A  similar  plan  has  already  been  proposed  by  Mr  Varley  and 
Sir  William  Thomson,  with  a  water-dropping  arrangement,  but 
the  mechanical  contrivance  is  in  all  ways  preferable.  No  expense 
has  been  incurred  by  the  Committee  for  these  instruments  or 
experiments. 

Passing  to  the  unit  of  current,  the  Committee  regret  that  no 
experiments  have  yet  been  made  with  the  large  absolute  electro- 
dynamometer  constructed  with  the  funds  granted  by  the  Royal 
Society.  Much  difficulty  has  been  experienced  in  finding  a  suffi- 
ciently solid  foundation  in  London,  and  probably  the  instruments 
must  be  moved  into  the  country  for  accurate  use. 

A  portable  electrodynamometer  has  been  constructed  which 
will  be  suitable  for  distribution  as  a  standard  instrument.  It  can 
be  compared  with  the  large  absolute  instrument,  and  can  also  be 
compared  directly  with  the  most  sensitive  astatic  galvanometers 
yet  made,  as  has  been  already  proved  by  experiment.  These  in- 
struments cannot  be  distributed  until  further  experiments  on  their 
constancy  have  been  made. 

Sir  William  Thomson,  at  his  own  expense,  has  also  constructed 
an  electrodynamometer  for  absolute  measure.  His  results  will 
check  those  obtained  in  London,  and  the  portable  standard  will 
also  be  tested  by  being  sent  backwards  and  forwards  between 
Glasgow  and  London,  to  be  compared  alternately  with  the  absolute 
instruments. 

The  determination  of  v,  the  ratio  between  the  electrostatic 
and  electromagnetic  units,  is  also  an  object  pursued  by  the 
Committee.  Sir  William  Thomson  has  made  preliminary  experi- 
ments, and  has  obtained  numbers  for  this  constant  by  the  aid  of 
the  absolute  electrodynamometer  and  the  absolute  electrometer 
already  named.  The  number  he  has  obtained  differs  so  consider- 
ably from  that  hitherto  received  that  he  prefers  to  extend  his 
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experiments  before  publication.  The  same  remark  applies  to  the 
measurement  of  the  electromotive  force  of  a  Daniell's  cell  made 
by  the  absolute  electrometer. 

It  is  hoped  that  the  present  Report  contains  satisfactory  evi- 
dence that  valuable  work  is  being  done  by  the  Committee,  and 
that  the  sums  of  money  liberally  granted  by  the  Association  have 
been  expended  on  proper  objects. 

It  will  be  seen  that  these  grants  have  stimulated  further 
expenditure  on  the  part  of  more  than  one  member;  and  thanks 
are  also  due  to  the  Electric  and  International  Telegraph  Company, 
for  the  liberality  with  which  they  have  lent  large  batteries,  there- 
by saving  much  expense.  The  Committee  are  willing  to  be 
reappointed,  and  require  no  grant  of  money  for  the  ensuing 
year. 


APPENDIX. 
I.     On  a  "Resistance-Measurer"     By  C.  W.  SIEMENS,  F.R.S. 

For  the  measurement  of  small  resistances  the  method  formerly 
employed  was  that  of  the  tangent  galvanometer,  which  method  is 
still  valuable  in  the  determination  of  resistances  wrhich  are  in- 
separable from  a  difference  of  electric  potential,  such,  for  instance, 
as  a  galvanic  element. 

In  measuring  wire-resistance  more  accurate  and  convenient 
methods  have  been  devised,  amongst  which  that  of  the  common 
differential  galvanometer  and  that  known  as  Wheatstone's  balance 
hold  the  most  prominent  places. 

But  both  these  systems  have  disadvantages  which  render  them 
insufficient  in  a  great  many  cases.  For  instance,  in  the  first 
method  a  well-adjusted  variable  resistance  coil  is  necessary,  which, 
if  the  method  is  intended  to  be  applicable  between  wide  limits, 
will  have  impracticable  large  dimensions.  The  bridge  method, 
though  very  beautiful,  requires  three  adjusted  coils,  and  frequently 
gives  rise  to  calculations  which  render  it  unavailable  for  unskilled 
operators.  The  sine  method,  which  is  the  most  suitable  for 
measuring  great  resistances,  requires  even  a  superior  amount  of 
skill  and  mathematical  knowledge  on  the  part  of  the  operator. 

Many  years'  experience  of  these  methods  made  me  feel   the 
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want  of  an  instrument  which  would,  by  its  simplicity  of  construc- 
tion and  ease  of  manipulation,  be  capable  of  employment  by  an 
unskilled  operator  with  a  degree  of  exactness  equal  to  that  of  the 
bridge  method. 

The   conditions   upon   which   such   an    instrument   could    be 
successful  appeared  to  be  the  following: — 

1.  The  employment  of  a  zero  method,  by  which  the  galvano- 
meter-needle should  always  be  brought  to  the  direction  of  the 
magnetic  meridian  or  the  same  given  point  upon  the  scale,  and 
therefore  be  independent  of  the  unknown  function  of  the  angle  of 
deflection. 

2.  The  readings  to  be  made  upon  a  simple  lineal  measure 
divided  into  equal  parts  signifying  equal  units  of  resistance. 

3.  The  employment  of  a  single  and  unalterable  comparison- 
resistance. 

The  apparatus  constructed  to  fulfil  these  conditions  is  repre- 
sented by  the  following  diagram : — 


Two  equal  and  parallel  helices,  h  and  h,  are  fixed  upon  the 
common  slide  ss,  which  moves  in  the  direction  of  its  length 
between  guide  rollers.  This  motion  is  effected  by  the  end  s', 
armed  by  a  facing  of  agate,  which  presses  against  the  face  of  the 
metal  curve  cc'.  The  latter  is  fixed  upon  a  slide  moving  in  a 
groove  in  the  rule  dd',  at  right  angles  in  the  direction  dd',  by 
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means  of  a  milled  head  t,  on  the  axis  of  which  is  a  pinion  gearing 
into  a  rack  underneath  the  straight  edge  of  the  curve  cc'.  The 
rule  dd'  is  graduated  in  equal  parts ;  and  opposite  to  the  divisions 
is  a  nonius  up  the  straight  edge  and  the  curve,  to  divide  each 
degree  into  ten  parts.  Whenever  the  milled  head  i ',  therefore,  is 
turned,  the  position  of  the  curve  is  altered ;  and  as  the  point  s'  of 
the  bobbin-slide  is  pressed  against  it  by  means  of  a  spring,  the 
bobbin  follows  it  in  all  its  movements. 

The  wires  of  the  two  bobbins  are  connected  together,  in  the 
common  point  a,  with  the  pole  of  a  galvanic  battery  e,  the  other 
pole  being  connected  with  two  resistances  r,  x,  and  through  these 
with  the  remaining  end  of  the  galvanometer-helices.  The  re- 
sistance r  is  made  constant,  and  adjusted  so  that  when  x  =  0  the 
index  of  the  curve  stands  exactly  opposite  the  zero  of  the 
graduated  scale  dd',  the  unknown  resistance  being  represented 
by  x. 

It  is  evident  that,  the  resistance  in  the  bobbins  being  equal,  as 
also  their  dimensions  and  initial  magnetic  effects  upon  the  needle 
suspended  between  them,  if  we  make  the  resistance  x  equal  to  r, 
the  current  in  the  two  branches  will  be  equal,  and  the  magnet- 
needle  therefore  balanced  between  them  only  when  the  helices  are 
equally  distant  from  it.  Should,  however,  either  of  these  resist- 
ances preponderate,  the  strength  of  current  in  that  branch  will  be 
lessened;  and  in  order  to  reestablish  the  balance  it  will  be  necessary 
to  shift  the  bobbins,  approaching  the  one  in  which  the  weaker 
current  is  circulating  towards  the  suspended  magnet. 

The  instrument  is  erected  upon  a  horizontal  metal  table 
standing  upon  three  levelling-screws.  The  bobbin,  the  suspended 
magnet,  and  dial  plate  for  observing  the  zero  of  the  pointer  are 
contained  in  a  glass  case,  supported  by  four  brass  pillars.  The 
instrument  is  supplied  with  terminals  for  the  battery-connexions, 
and  a  current -breaker  for  interrupting  the  battery-circuit.  Op- 
posite to  these  are  four  terminal  screws  for  receiving  the  ends  of 
the  resistances  r  and  x,  with  contact-plugs  between  them,  in  order 
to  quickly  establish  a  short  circuit  in  case  the  operator  should  be 
in  doubt  towards  which  side  he  has  to  move  the  adjusting- 
curve.  Two  constant  resistances  accompany  the  apparatus,  r — 
that  which  is  used  during  the  measurement,  and  a,  a  resistance  of 
known  value,  which  is  introduced  between  the  terminals  x  in  order 
to  enable  the  operator  for  his  own  security  to  make  a  control 
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measurement  by  which  he  may  verify  the  accuracy  of  the  instru- 
ment at  any  time.  Another  purpose  of  this  resistance  is  to 
facilitate  the  readjustment  of  the  zero-point,  in  case  the  galvano- 
meter should  at  any  time  be  cleaned  or  a  new  silk-fibre  put  in. 

In  constructing  the  sliding-curve  of  this  instrument,  it  might 
be  determined  by  calculation  from  the  formula  given  by  Weber  for 
the  deflection  produced  by  a  circular  current  of  known  magnitude 
upon  a  magnetic  point,  and  from  the  given  distance  of  the  coils 
from  each  other.  I  prefer,  however,  in  practice  to  determine  the 
curve  of  each  separate  apparatus  empirically,  because  it  is  not 
possible  to  coil  a  helix  mathematically  true,  or  to  set  it  when 
coiled  absolutely  at  right  angles  to  the  plane  of  its  horizontal 
motion. 

In  the  determination  of  each  curve  I  use  a  delicately  adjusted 
rheostat  or  scale  of  resistances  in  the  circuit  of  x,  giving  it  varying 
values  corresponding  to  the  equal  divisions  of  the  engraved  scale, 
and  constructing  the  curve  according  to  the  position  which  it  is 
found  necessary  to  give  to  the  point  sr  in  order  to  arrive  at  the 
magnetic  balance.  With  each  instrument  it  would  be  possible  to 
have  two  values  of  r — one  expressed  in  mercury  and  the  other  in 
B.A.  units ;  and  in  order  to  measure  at  pleasure  in  either  of  these 
units,  it  would  only  be  necessary  to  insert  the  one  or  other  between 
the  terminal  screws  for  r. 

The  instrument  has  been  found  to  be  very  convenient  for  the 
measurement  of  the  wire-resistances  of  overland  lines,  or  for  the 
reading  of  resistance-thermometers ;  it  reduces  the  operation  and 
the  observation  of  the  zero  position  of  a  needle,  and  the  reading 
upon  a  graduated  scale,  which  can  be  performed  by  a  person  of 
ordinary  intelligence  without  experience  in  electrical  measure- 
ment. In  accuracy  and  range  it  equals  the  bridge  method,  while 
as  regards  portability  and  cheapness  of  apparatus  the  advantages 
are  decidedly  in  its  favour*. 

*  I  have  lately  constructed  the  same  instrument  on  this  principle  with  a  circular 
instead  of  a  straight  sliding-piece,  which  gives  the  advantage  of  a  longer  graduated 
scale  in  the  form  of  a  circle.  The  circular  sliding-curve  is  adjusted  by  radial  set 
screws  in  a  solid  ring  working  in  a  V-groove  round  the  galvanometer. 
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II.     On  a  Modification  of  Siemens' s  Resistance- Measurer. 
By  FLEEMING  JENKIN,  F.R.S. 

The  following  method  of  measuring  resistances  was  suggested 
to  Mr  Jenkin  by  the  above  invention  of  Mr  Siemens  : — 

Let  two  tangent  galvanometer-coils  of  equal  magnetic  moment 
be  fixed  together  at  right  angles,  with  a  short  magnet  hung  in 
their  centre,  having  a  long  light  index  pointing  at  a  fiducial  mark 
when  the  needle  is  in  the  magnetic  meridian.  Let  the  battery 
and  coils  be  so  joined  that  the  current  shall  divide  in  the  ratio  of 
the  resistances  in  the  two  coils,  and  shall  pass  in  such  a  direction 
as  to  tend  to  turn  the  needle  in  opposite  directions. 


\ 


R, 


\ 


The  dotted  lines  show  the  position  of  the  coils  when  the  current  is  passing. 

Let  one  coil  with  a  resistance  R  at  the  beginning  of  the 
experiment  stand  in  the  magnetic  meridian,  and  the  other  coil 
with  a  resistance  Rl  in  a  plane  perpendicular  to  the  meridian; 
and  when  the  current  is  passing  in  such  a  direction  that  R  tends 
to  turn  NS  in  the  direction  of  the  arrow,  let  the  coils  be  turned 
till  the  needle  is  again  brought  to  the  fiducial  point  and  the  coil 
Rl  makes  an  angle  (f>  with  the  magnetic  meridian,  then  we  have 
R  =  tan  (f>Rl ;  for  the  force  exerted  by  the  coil  JRj  to  deflect  the 
needle  in  the  direction  of  the  arrow  will  then  equal  m  sin  <£ ;  the 

B.  A.  H 
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force  exerted  by  the  coil  jRx  to  deflect  the  needle  in  the  opposite 
direction  will  be  ?%  cos  <£ ;  and  we  have  m  sin  (f>  =  ml  cos  <£,  or 

—  =  tan  </>,  where  m  and  m^  are  the  couples  experienced  by  the 

magnet  under  the  action  of  the  two  coils;  but  as  we  have 
supposed  these  coils  to  have  equal  magnetic  moments  with  equal 

currents,  —  =  -r  ,  therefore  E  =  tan<f>^1.     R  and  R1  need  not 
m      R^ 

be  the  resistances  of  the  galvanometer-coils  only,  but  may  consist 
of  two  parts,  G  +  r  and  Gl  +  r1,  where  G  and  G1  are  the  resistances 
of  the  galvanometer-coils,  but  r  and  rx  are  added  resistances.  Thus 
when  6r,  Gl  and  r  are  known,  rx  can  be  obtained  by  a  simple  ob- 
servation. 

If  G  +  r  be  one,  one  hundred,  or  one  thousand  units,  the 
resistance  of  i\  will  be  equal  to  the  tangent  of  c/>,  or  to  one 
hundred  or  one  thousand  times  that  tangent  respectively  minus 
in  each  case  a  constant  =  Gt . 

If  the  range  of  the  instrument  were  not  required  to  be  very 
great,  the  coils  would  be  turned  by  the  pushing  of  a  straight  slide, 
equal  divisions  on  which  would  correspond  to  equal  increments  of 
the  tangent  of  <£,  and  the  scale  would  be  numbered,  so  that  the 
resistance  r:  should  be  read  off  directly,  as  in  Mr  Siemens's  instru- 
ment. 

The  tangent  coils  should  be  made  of  German-silver  wire, 
and  might  be  arranged  as  practised  by  Helmholtz  and  Gaugain. 
Theoretically,  the  range  of  each  instrument  would  be  infinite, 
i.e.  any  instrument  would  be  capable  of  measuring  an  infinitely 
small  or  infinitely  large  resistance ;  but  clearly  the  resistance  of 
G  +  r  should  be  so  arranged  in  each  case  that  the  angle  observed 
was  not  very  different  from  45°.  The  range  of  the  instrument 
may  be  further  increased  by  the  use  of  elements. 
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III.     Comparison  of  B.A.   Units  to  be  deposited  at  Kew 
Observatory*.     By  C.  HOCKIN. 

The  following  Table  shows  the  value  of  the  different  copies  of 
the  B.A.  units  that  have  been  made  for  preservation  at  Kew : — 


Material  of  coil 

No.  of 
coil 

Date  of  observation 

Temperatures 
at  which  coil 
has  a  resistance 

•  =  1(F- 
s 

Observer 

Platinurn-iridium  alloy  ... 

Platinuin-iridium  alloy  ... 
Gold-silver  alloy 

2 

3 

10 

(January      4,  1865 
{June    '       6,  1865 
(February  10,  1867 
[January      4,  1865 
\  June    '       6,  1865 
(February  10,  1867 
(January      5,  1865 

15°-5  C. 
16-0 
16-0 
15%3 
15-8 
15-8 
15-6 

C.  H. 
A.  M. 
C.  H. 
C.  H. 
A.  M. 
C.  H. 
A.  M. 

Gold-silver  alloy. 

58 

t  February  10,  1867 
(April         10,  1865 
jjune            6,  1865 

15-6 
15-3 
15-3 

C.  H. 
A.M. 
A.  M 

35 

[February  10,  1867 
(January      7,  1865 
\  August      18,  1866 

15-3 
15-7 
157 

C.  H. 
C.  H. 
A.  M. 

Platinum  

36 

(February  10,  1867 
(January      7,  1865 
]  August      18,  1866 

15-7 
15-5 
15'5 

C.  H. 
C.  H. 
A.  M. 

Platinum-silver  alloy  
t  Mercury  

43 
I. 

(February  10,  1867 
(February  15,  1865 
\  March         9,  1865 
(February  10,  1867 
(February    2,  1865 
\  July           18,  1866 

15-7 
15-2 
15-2 
15-2 
16-0 
16'0 

C.  H. 
C.  H. 
A.  M. 
C.  H. 
A.  M. 
A.  M. 

Mercury   

II. 

(February  11,  1867 
(February    3,  1865 
j  August      18,  1866 

16-7 

14-8 
14-8 

C.  H. 
A.  M. 
A.  M. 

Mercury   L  

III. 

(February  11,  1867 
February  11,  1867 

14-8 
17-9 

C.  H. 
C.  H. 

*  Further  references  to  these  coils  are  made  in  the  Reports  for  1883  and  1908. 

t  The  alteration  of  this  coil,  observed  on  February  11,  1867,  is  due,  no  doubt, 
to  a  defect  observed  in  the  glass  tube. 

The  tube  was  of  lead-glass.  Perhaps  the  strong  nitric  acid  used  to  clean  the 
tube  attacked  the  glass.  A  new  mercury  unit  (No.  III.)  was  made  in  consequence 
of  this  defect. 

The  apparent  alteration  in  the  platinum-iridium  coils  from  the  first  value  found, 
I  believe  to  be  owing  to  a  clerical  error.  No  alteration  bas  been  observed  in  them 
since  the  second  observation  made  by  Dr  Mattbiessen  in  June  1865. 

The  values  given  in  the  above  Table  are  deduced  from  the  German-silver  coil 
called  B,  used  in  your  Committee's  experiments  in  1864.  This  coil  was  found  (by 
comparison  with  copies  made,  in  1864,  of  gold-silver,  German- silver,  and  platinum- 
silver)  not  to  have  altered.  The  coil  B  was  also  compared  with  the  coil  (June  4) 
used  in  1863,  and  the  ratio  of  the  two  coils  was  found  not  to  have  altered. 

14—2 
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IV.  Experiments  on  Capacity.  By  FLEEMING  JENKIN,  F.R.S. 
The  capacity  of  a  condenser  made  of  mica  and  tinfoil  was 
adjusted  so  as  to  be  approximately  equal  to  10~14  electromagnetic 
absolute  units,  according  to  the  following  experiments.  The 
capacity  of  any  condenser  can  be  directly  measured  in  absolute 
measure  by  the  following  formula,  applying  to  the  effect  of  a 
single  discharge  from  the  condenser  through  a  galvanometer: — 

0  t  sin  $i 
~^RT 

(vide  Report,  1863,  Appendix  C,  p.  110),  where  Rl  is  the 
resistance  of  a  circuit  in  which  the  electromotive  force  used  to 
charge  the  condenser  would  produce  the  unit  deflection,  while 
i  is  the  angle  to  which  the  needle  is  observed  to  swing  from  a 
position  of  rest,  and  t  is  half  the  period  or  time  of  a  complete 
oscillation  of  the  needle  of  the  galvanometer  under  the  influence 
of  terrestrial  magnetism  alone. 

This  formula,  which  is  analogous  to  that  for  any  ballistic 
pendulum  acted  upon  by  a  known  impulse,  supposes  that  the 
.vhole  impulse  is  given  in  a  time  very  short  as  compared  with  t, 
and  it  also  supposes  that  the  deflection  i  is  unimpeded  by  friction. 

I  employed  a  Thomson's  astatic  reflecting  galvanometer  with 
double  coils  .  of  German-silver  wire.  The  oscillations,  with  the 
usual  mirror  and  magnet,  subside  so  rapidly  that  t  cannot  be 
measured  with  accuracy,  and  i  is  very  sensibly  affected  by  the 
resistance  of  the  air;  to  obviate  this  I  attached  a  brass  ball  to 
the  lower  magnet  of  the  galvanometer,  weighing  55  grains*. 

A  single  floss-silk  fibre  can  just  support  this  weight,  under 
which  it  continues  to  stretch  sensibly  for  about  three  days.  In 
order  that  the  discharge  from  the  condenser,  electrified  by  from 
20  to  30  cells,  should  have  force  to  move  this  heavy  ball  through 
a  sensible  angle,  the  galvanometer  was  made  highly  astatic ;  and 
then  I  found  that  with  even  a  single  cocoon  fibre  the  needle  did 
not  return  to  zero  within  three  or  four  divisions  of  the  scale  for 
some  minutes,  exhibiting  a  kind  of  viscosity.  The  floss-silk  fibre, 
though  much  weaker,  gave  a  very  constant  zero.  The  value  of  t 
with  the  weighted  needle  seldom  differed  much  from  20  seconds, 
and  the  times  could  be  observed  for  10  or  11  minutes,  during 

*  The  ball,  two  magnets,  mirror,  and  connecting  bar,  forming  the  whole 
suspended  system,  weighed  57^  grains. 
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which  time  t  was  found  to  remain  sensibly  constant.  As  there 
was  no  difficulty  in  observing  the  times  of  oscillation  within  one 
second,  it  may  be  said  that  the  observed  value  of  t  was  correct 
within  one  part  in  500.  Greater  accuracy  was  not  required,  as 
the  possible  error  from  other  sources  considerably  exceeds  this. 
Twenty  Daniell's  cells  were  used  to  charge  the  condenser,  and  the 
discharge  observed  was  about  180  divisions ;  but  the  observations 
were  recorded  within  a  quarter  of  a  division:  as  this  is  done  by 
estimating  the  position  of  the  reflected  spot  stationary  between 
the  two  black  lines  of  the  scale  for  an  almost  insensible  time,  it 
would  not  be  right  to  assume  that  the  deflection  i  is  observed 
with  greater  accuracy  than  one  part  in  400.  When  the  spot  of 
light  returned  after  making  one  complete  oscillation,  the  diminu- 
tion in  the  deflection  was  from  10  to  12  divisions;  one-quarter  of 
this  amount  was  therefore  added  as  correction  in  each  case  to 
the  deflection  observed.  The  resistance  of  the  whole  circuit  was 
composed  of  the  battery  resistance,  that  of  German-silver  re- 
sistance-coils, and  of  the  German-silver  coils  in  the  galvanometer ; 
no  considerable  variation  could  therefore  occur  except  in  the 
battery,  which  formed  only  a  small  portion  of  the  total  resistance. 
The  coils  (adjusted  by  Mr  Hockin)  are  probably  correct  within 
one  part  in  a  thousand,  and  the  measurement  of  the  galvanometer- 
coils  is  equally  well  known. 

From  what  has  been  said,  it  might  be  expected  that  the 
capacity  of  any  condenser  could  be  obtained  with  an  accuracy  of 
one  part  in  400  or  500  at  least;  but  successive  discharges  were 
occasionally  found  to  differ  by  as  much  as  two  divisions,  though 
this  amount  of  discrepancy  was  rare.  It  was  due  partly  to  the 
residual  effect  of  former  charges  in  the  condenser  (though  great 
care  was  taken  to  avoid  this),  partly,  it  is  believed,  to  slight 
changes  in  the  electromotive  force  of  the  battery  (which  was  not 
in  very  good  order,  the  discharges  being  generally  less  toward  the 
end  of  a  set  of  experiments),  and  partly  to  slight  motion  of  the 
needle  at  the  moment  of  taking  the  discharge.  This  last  source 
of  error  made  it  impossible  to  make  the  observations  in  London ; 
even  in  the  country  the  needle  was  seldom,  if  ever,  absolutely  still, 
though  the  oscillations  were  generally  less  than  one  division.  The 
variation  of  the  electromotive  force  and  resistance  of  the  battery 
when  taking  a  permanent  deflection  was  another  source  of  error. 
Owing  to  the  great  inertia  of  the  swinging  parts,  no  observation 
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could  be  taken  until  the  current  had  been  flowing  for  at  least  a 
minute,  and  often  more;  and,  especially  when  small  resistances 
were  used,  the  deflections  visibly  diminished  with  time.  Owing 
to  all  these  causes,  I  do  not  depend  on  the  results  obtained  as 
certainly  accurate  within  less  than  one  per  cent.  This  is  the  less 
to  be  regretted,  as  the  capacity  of  a  mica  condenser  is  very  ill 
defined  within  wide  limits,  owing  to  absorption. 

The  condenser  used  consisted  of  38  plates  of  mica,  about 
0*003  in.  thick,  and  having  a  circular  piece  of  tinfoil  3  in.  in 
diameter  cemented  to  each  side  of  the  mica,  with  a  piece  of  each 
tinfoil  projecting  beyond  the  mica  so  as  to  join  all  the  upper 
tinfoils  and  all  the  lower  tinfoils  together,  and  form  the  inner  and 
outer  armature  of  the  condensers.  This  plan  has  for  some  time 
been  practised  by  Mr  Latimer  Clark  and  makes  a  very  constant 
and  well-insulated  condenser,  extremely  easy  to  adjust  roughly  by 
altering  the  number  of  the  mica  plates,  and  for  small  corrections 
by  cutting  away  portions  of  the  tinfoil  from  the  top  plate.  Mica, 
like  all  other  solid  dielectrics  with  which  I  am  acquainted,  ap- 
parently absorbs  electricity  to  a  very  large  extent,  and  continues 
to  do  so  for  a  long  time,  discharging  it  at  first  rapidly,  but  at  the 
last  very  slowly  indeed,  so  that  a  complete  discharge  is  not  effected 
for  hours.  The  total  capacity  of  the  condenser  varies  therefore  as 
the  time  varies  during  which  it  is  charged,  and  the  apparent 
discharge  varies  with  the  time  during  which  we  measure  it;  for 
instance,  if  we  merely  observe  the  discharge  due  to  a  momentary 
contact,  we  shall  obtain  a  different  result  from  that  given  when 
we  maintain  the  contact  all  the  time  the  needle  is  swinging ;  the 
result  will  also  vary  in  the  latter  case  with  the  time  of  oscillation 
of  the  galvanometer-needle.  If  the  needle  oscillates  slowly,  it  will 
be  acted  upon  by  a  greater  quantity  of  electricity  than  if  oscillating 
rapidly.  Thus,  in  one  experiment,  the  deflection,  when  the  dis- 
charging contact  was  permanently  maintained,  was  166  divisions ; 
when  a  momentary  contact  was  made  by  a  blow  it  was  only  156. 
When  the  contact  was  made  for  about  1'7  second  the  deflection 
was  161,  and  when  the  contact  was  maintained  for  3'4  seconds  the 
deflection  was  164;  the  maximum  deflection  of  166  was  reached 
after  5  seconds  :  these  experiments  show  that  when  the  needle  had 
travelled  two-thirds  of  its  maximum  distance,  the  current  being 
discharged  exercised  a  very  sensible  influence  on  the  deflection. 
The  ballistic  formula  is  therefore  not  strictly  applicable  to  a  case 
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of  this  kind,  and  a  different  result  would  be  obtained  with  a 
galvanometer  oscillating  either  more  or  less  quickly  than  the  one 
I  used.  It  seemed  therefore  unnecessary  to  take  great  precautions 
or  to  aim  at  any  high  degree  of  accuracy;  and  my  object  has 
simply  been  to  provide  a  unit  for  cable-testing  which  shall  be  ap- 
proximately equal  to  the  ideal  standard  chosen  by  the  Committee, 
and  which  can  be  used  with  at  least  as  great  accuracy  as  those 
copies  of  knots  of  Atlantic  or  Persian-Gulf  cables  hitherto  used. 
The  value  of  R1}  in  the  formula  given  at  the  commencement, 
was  found  by  two  methods,  which  we  will  call  the  indirect  and 
direct  method.  In  the  indirect  method  three  sets  of  resistance- 
coils  (a,  6,  c)  were  arranged  as  in  fig.  1,  with  a  battery,  B,  a 


galvanometer,  G,  and  a  shunt,  Z,  equal  in  resistance  to  -^  of  the 
galvanometer-coils.  The  resistance  c  was  made  equal  to  1000  units, 
and  the  resistances  a  and  b  adjusted  until  a  convenient  deflection 
was  obtained  on  the  galvanometer;  the  resistance  a  was  next 
changed  to  c^,  and  b  was  then  altered  to  bl}  so  as  to  give  the  same 
deflection  as  before  on  the  galvanometer  G.  Then  calling  d  the 
deflection  observed,  G  the  resistance  of  the  galvanometer,  we  have 


-a) 


n 


—  c 


(b-bjc 

a  formula  for  which  the  resistance  of  the  battery  need  not  be 
calculated  (n  =  1000). 
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The  second  or  direct  method  of  obtaining  Rl  was,  first,  to 
calculate  the  resistance  of  the  battery  B  by  the  following  formula 
(fig.  2) : — h  and  f  are  variable  resistances ;  g  the  resistance  of  the 
shunted  galvanometer,  =  47*2  in  my  experiments ;  break  the 
circuit  at  /,  and  adjust  h  till  a  convenient  reading  is  obtained ; 
then  join  f,  as  shown  in  the  sketch,  and  adjust  /  and  h  until  the 
same  deflection  is  obtained  as  before;  then,  calling  h^  the  last 
resistance  at  h,  we  have 


Secondly,  a  direct  deflection  d  was  obtained  with  a  resistance 
k  in  circuit ;  then  J?x  =  nd  (k  +  B  +  g). 

The  following  is  a  record  of  the  experiments  made  in  chrono- 
logical order : — 

September  22.  Discharge. — Values  of  i  after  charging  for  one 
minute  with  20  cells : — 

1.  2.  3.  4.  5.  Mean. 

167  167  166  165  165  166 

Adding  2'5  to  compensate  for  friction  of  air,  i  =  168*5;  and  the 
angle  being  very  small,  sin^=84'25. 

Test  for  insulation;  discharge  after  one  minute's  insulation  154. 

Times. — First  four  oscillations,  the  spot  crossed  the  central 
point  in  the  same  direction  at 

0'  35"     0'  55"     V  14£",     V  33"*; 
last  four  oscillations, 

9'  13",     9'  32",     IV  10",     10'  29". 

Total  number  of  oscillations  31.     Mean  value  of  2t  =  19"'15. 
Value  of  R±.     Indirect  method  : — 

d.  EI  ,  Ohms. 

275|  5-17  x  109 

354£  5-17    „ 

274£  5-12    „ 

355J  5-18    „ 

Mean  value  of  ^  in  absolute  measure  =  5'16  x  1016.  Value  of 
8  =  99-53  x 


a. 
1....8000 

10000 

b. 
1000 

61. 

649 

c. 
1000 

2..  ..6000 

8000 

1000 

575 

1000 

3....  8000 

10000 

1000 

647 

1000 

4..  ..6000 

8000 

1000 

574 

1000 

*  [Note  added  in  1911.  Apparently  the  29th  vibration  was  missed  and  the  times 
given  for  the  "last  four  oscillations"  are  the  times  of  the  27th,  28th,  30th,  and  31st. 
If  so  the  first  pair  of  times  are  those  of  27  oscillations  and  give  a  mean  period  of 
iy-17  and  the  last  pairs  are  those  of  28  oscillations  and  give  a  mean  period  of 
19"-13.  Mean  of  all  =  19"-15.] 
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Value  of  I^.     Direct  method.  Battery  resistance  :  — 

/.           h.           hi.        g.  B. 

1....  2         18700          30        47  484 


....  18000        300        47         492  °f  B=*&8' 

Deflection  with  variable  resistance  in  circuit  :— 

d.  k.  B.  g.  n.  RI,  Ohms. 

1....226|        22000        488        47         1000        510xlO» 
2....  310£         16000        488        47         1000        513  xlO9 

Mean  value  of  ^  =  5'125  x  1016  absolute  units.     Value  of  S  from 
values  of  t  and  i  as  above  =  100'21  x  10~14. 

September  24.  Discharge.  —  sinji  =  84'75.  RI  from  indirect 
method  :  — 

a.  ai.  b.  bi.  c.  d.  RI,  Ohms. 

1....6000          8000         1000        575         1000        354  518  xlO9 

2....  8000         10000        1000        648         1000        275  5-16  x  109 

Mean  value  of  RI  in  absolute  measure  =5*17  x  106.    Assuming  t  as 
on  September  22,  8  =  99'92  x  10~12. 

The  box  holding  the  condenser  was  now  filled  up  with  an 
insulating  composition. 

October  13.  Discharge.  —  184  divisions,  12  divisions  lost  on 
return,  sin  $i=  93*5.  Discharge  after  one  minute's  insulation 
181  divisions. 

Time.  —  First  four  oscillations, 

0'30",     0'51",     I'll",     1'31"; 
last  four  oscillations, 

10'  4",     10'  23",     10'43£",     11'  5". 
Total  number  of  oscillations  31.     Mean  value  of  2t  —  20"'47. 

Rl  by  indirect  method  :  — 

a.  «i«  b.  bi.  c.  d.  Elt 

8000         10000         1000        646         1000        333        619  x  109. 

Value  of  8  =  98*42  x  10~12. 

jRx  by  direct  method.     Battery  resistance  :  — 

/.  /*.  hi.  g.  B. 

10  17400  700  47  223£ 

Direct  deflection  :  — 

d.               k.               B.            g.            n.  Rlf 

1....270£        22000        223£        47         1000  6'01  x  109 

2..  ..331           18000        223£        47         1000  6'05xl09 

Mean    value    of    ^  =  6'03  x  1016    absolute  units.       Value    of 

S=  101-03  xlO-12. 
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October  15.     Discharge:  — 

1.  2.  3.  4.  5.  6. 

185  185  184£  184  184J  184J 

Mean  184'6,  adding  3  for  air,  sin  %i  =  93'8. 

Times.—  First  four,  0'  23",  0'  42J",  missed,  1'  24";  last  three, 
r  55",  8'  16",  8'  35";  24  oscillations  in  all.  Mean  value  of 
2*=20"-56*. 

Independent  series  of  observations  divided  into  triplets  :  — 

first  two,  0'  22J",     i'24",     last  two,  9'  37  J",     10'  39"; 

30  oscillations  in  all.     Mean  value  of  2t  =  20"*55. 

Value  of  RI.     Direct  method.     Battery  resistance:  — 

1  ..............................  223 

2  ...........  .  ..................  216 

Mean  ..................  219 

Direct  deflection  :  — 

d.  k.  B.  g.  n.  RI,  Ohms. 

1....278        22000        219        47         1000        6'19xl09 
2....321J       19000        219         47         1000        6'19xl09 

Mean   value   of  R^  in   absolute   units   =  6*19  x  1016.      Value   of 
£=99-2  x  10-12. 

October  17.     Discharge:  — 

1.  2.  3.  4.  Mean. 

179  180  179  180  179'5 

sinii  =  91J. 
Times  :  — 

0'55",     l'56i",  10"7i",     11'  81". 


Total  number  of  oscillations  30.     Mean  value  of  2t  =  20"'46. 
Value  of  R^.     Direct  method.     Battery  resistance  :  — 

1  ..............................  210 

2...  ..223 


Mean  ..................  215-5 

Direct  deflection  :  — 

d.  k.  B.  g.  n.  Rlt  Ohms. 

1....268        22000        215£        47         1000        5*97  x  109 
2....329         18000        215  47         1000        6'01  x  109 


Mean  value  of  Jf^  =  5'99  x  1019  absolute  units.     Value  of  S  =  99'25. 

*  [Note  added  in  1911.  It  appears  that  7'  55"—  0'  23",  and  8'  16"—  0'  42£"  were 
each  the  period  of  22  oscillations,  while  8'  35"  —  V  24"  was  the  period  of  21  oscil- 
lations. These  give  as  the  mean  for  one  oscillation  20"-56.] 
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The  seven  values  obtained  for  $  give  a  mean  value  of 
0-9965  x  10~14  as  the  capacity  of  the  mica-plate  condenser  when 
charged  for  one  minute,  and  measured  by  a  discharge  through 
a  galvanometer,  on  the  needle  of  which  it  acts  for  about  5  seconds. 
If  we  reject  the  two  observations  made  on  Oct.  15  (which  were, 
indeed,  only  preliminary,  and  made  with  less  care  than  all  the 
others)  we  find  the  average  to  be  0'9962  x  10~14,  and  the  approxi- 
mation between  this  mean  and  any  single  results  is  O42  per  cent. 
It  is  therefore  probable  that  a  unit  copied  from  this  preliminary 
standard  will  not  be  one  per  cent,  wrong. 

A  tenfold  multiple  (10~13  absolute  measure)  of  the  condenser 
measured  is  a  convenient  magnitude  as  a  practical  unit  of  capacity 
for  telegraphy ;  thus  the  capacity  of  the  Atlantic  cable  per  knot 
thus  measured  is  0'3535.  Assuming  that  the  practical  unit  of 
electromotive  force  will  be  chosen  as  that  multiple  which  is  most 
nearly  equal  to  Daniell's  cell,  i.e.  105  electromagnetic  units,  then 
the  capacity  of  the  proposed  practical  unit  is  such  that  it  contains 
with  the  unit  E.M.F.  the  same  quantity  of  electricity  as  would  be 
passed  in  one  second  through  a  circuit  of  the  resistance  of  one 
Megohm.  Thus  105  E.M.F.,  acting  on  a  circuit  of  1013,  will  pass 
in  one  second  10~8  absolute  units  of  quantity;  and,  similarly, 
105  E.M.F.  will  charge  a  condenser  of  absolute  capacity  equal  to 
10~18  with  10~8  absolute  units  of  quantity.  This  practical  series 
of  units  is  that  which,  in  the  opinion  of  Mr  Latimer  Clark  and 
myself,  is  best  adapted  for  practical  use  in  telegraphy.  Mr  Clark 
calls  the  unit  of  quantity  thus  defined  (10~8)  one  Farad,  and 
similarly  says  that  the  unit  of  capacity  has  a  capacity  of  one 
Farad,  it  being  understood  that  this  is  the  capacity  when  charged 
with  unit  electromotive  force  (105). 


V.     Report  on  Electrometers  and  Electrostatic  Measurements. 
By  SIR  WM.  THOMSON,  F.R.S. 

§  1.  An  electrometer  is  an  instrument  for  measuring  differences 
of  electric  potential  between  two  conductors  through  effects  of 
electrostatic  force,  and  is  distinguished  from  the  galvanometer, 
which,  of  whatever  species,  measures  differences  of  electric  poten- 
tials through  electromagnetic  effects  of  electric  currents  produced 
by  them.  When  an  electrometer  merely  indicates  the  existence 
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of  electric  potential,  without  measuring  its  amount,  it  is  commonly 
called  an  electroscope;  but  the  name  electrometer  is  properly 
applied  when  greater  or  less  degrees  of  difference  are  indicated 
on  any  scale  of  reckoning,  if  approximately  constant,  even  during 
a  single  series  of  experiments.  The  first  step  towards  accurate 
electrometry  in  every  case  is  to  deduce  from  the  scale-readings 
numbers  which  shall  be  in  simple  proportion  to  the  difference  of 
potentials  to  be  determined.  The  next  and  last  step  is  to  assign 
the  corresponding  values  in  absolute  electrostatic  measure.  Thus, 
when  for  any  electrometer  the  first  step  has  been  taken,  it  remains 
only  to  determine  the  single  constant  coefficient  by  which  the 
numbers  deduced  from  its  indications  as  simply  proportional  to 
differences  of  potential  must  be  multiplied  to  give  differences  of 
potential  in  absolute  electrostatic  measure.  This  coefficient  will 
be  called,  for  brevity,  the  absolute  coefficient  of  the  instrument  in 
question. 

§  2.  Thus,  for  example,  the  gold-leaf  electrometer  indicates 
differences  of  potential  between  the  gold  leaves  and  the  solid  walls 
enclosing  the  air-space  in  which  they  move.  If  this  solid  be  of 
other  than  sufficiently  perfect  conducting  material,  of  wood  and 
glass,  or  of  metal  and  glass,  for  instance,  as  in  the  instrument 
ordinarily  made,  it  is  quite  imperfect  and  indefinite  in  its  indica- 
tions, and  is  not  worthy  of  being  even  called  an  electroscope,  as 
it  may  exhibit  a  divergence  when  the  difference  of  potentials 
which  the  operator  desires  to  discover  is  absolutely  zero.  It  is 
interesting  to  remark  that  Faraday  first  remedied  this  defect  by 
coating  the  interior  of  the  glass  case  with  tinfoil  cut  away  to 
leave  apertures  proper  and  sufficient  to  allow  indications  to  be 
seen,  but  not  enough  to  cause  these  indications  to  differ  sensibly 
from  what  they  would  be  if  the  conducting  envelope  were  com- 
pletely closed  around  it;  and  that  not  till  a  long  time  after  did 
any  other  naturalist,  mathematician,  or  instrument-maker  seem  to 
have  noticed  the  defect,  or  even  to  have  unconsciously  remedied  it. 

§  3.  Electrometers  may  be  classified  in  genera  and  species 
according  to  the  shape  and  kinematic  relations  of  their  parts; 
but  as  in  plants  and  animals  a  perfect  continuity  of  intermediate 
species  has  been  imagined  between  the  rudimentary  plant  and  the 
most  perfect  animal,  so  in  electrometers  we  may  actually  construct 
species  having  intermediate  qualities  continuous  between  the 
most  widely  different  genera.  But,  notwithstanding,  some  such 
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classification  as  the  following  is  convenient  with  reference  to  the 
several  instruments  commonly  in  use  and  now  to  be  described : — 

I.  Repulsion  electrometers. 

Pair  of  diverging  straws  as  used  by  Beccaria,  Yolta, 
and  others,  last  century. 

Pair  of  diverging  gold  leaves  (Bennet). 

Peltier's  electrometer. 

Delmann's  electrometer. 

Old-station  electrometer,  described  in  lecture  to  the 
Royal  Institution,  May  1860 ;  also  in  Nichol's  Cyclo- 
pcedia,  article  "  Electricity,  Atmospheric "  (edition 
1860),  and  in  Dr  Everett's  paper  of  1867,  "On 
Atmospheric  Electricity"  (Philosophical  Transac- 
tions). 

II.  Symmetrical  electrometers. 

Bohnenberger's  electrometer. 
Divided-ring  electrometers. 

III.     Attracted  disk  electrometers. 
Absolute  electrometer. 
Long-range  electrometer. 
Portable  electrometer. 
Spring-standard  electrometer. 

§  4.  Class  I.  is  sufficiently  illustrated  by  the  examples  referred 
to;  and  it  is  not  necessary  to  explain  any  of  these  instruments 
minutely  at  present,  as  they  are,  for  the  present  at  all  events, 
superseded  by  the  divided-ring  electrometer  and  electrometers  of 
the  third  class. 

There  are  at  present  only  two  known  species  of  the  second 
class;  but  it  is  intended  to  include  all  electrometers  in  which  a 
symmetrical  field  of  electric  force  is  constituted  by  two  sym- 
metrical fixed  conductors  at  different  electric  potentials,  and  in 
which  the  indication  of  the  force  is  produced  by  means  of  an 
electrified  body  movable  symmetrically  in  either  direction  from 
a  middle  position  in  this  field.  This  definition  is  obviously  ful- 
filled by  Bohnenberger's  well-known  instrument*. 

*  A  single  gold  leaf  hanging  between  the  upper  ends  of  two  equal  and  similar 
dry  piles  standing  vertically  on  a  horizontal  plate  of  metal,  one  with  its  positive  and 
the  other  with  its  negative  pole  up. 
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§  5.  My  first  published  description  of  a  divided-ring  electro- 
meter is  to  be  found  in  the  Memoirs  of  the  Roman  Academy 
of  Sciences*  about  1856 ;  but  since  that  time  I  have  made  great 
improvements  in  the  instrument — first,  by  applying  a  light  mirror 
to  indicate  deflections  of  the  moving  body ;  next,  by  substituting 
for  two  half  rings  four  quadrants,  and  consequently  for  an  electrified 
body  projecting  on  one  side  only  of  the  axis,  an  electrified  body 
projecting  symmetrically  on  the  two  sides  and  movable  round  an 
axis ;  and,  lastly,  by  various  mechanical  improvements  and  by  the 
addition  of  a  simple  gauge  to  test  the  electrification  of  the  movable 
body,  and  a  replenisher  to  raise  this  electrification  to  any  desired 
degree. 

§  6.  In  the  accompanying  drawings,  Plate  5,  fig.  1  represents 
the  front  elevation  of  the  instrument,  of  which  the  chief  bulk 
consists  of  a  jar  of  white  glass  (flint)  supported  on  three  legs  by 
a  brass  mounting  cemented  round  the  outside  of  its  mouth,  which 
is  closed  by  a  flat  cover  of  stout  sheet  brass  and  a  lantern-shaped 
cover  standing  over  a  wide  aperture  in  its  centre.  For  brevity,  in 
what  follows,  these  three  parts  will  be  called  the  jar,  the  main 
cover,  and  the  lantern. 

Fig.  5  represents  the  quadrants  as  seen  from  above ;  they  are 
seen  in  elevation  at  a  and  b,  fig.  1,  and  in  section  at  c  and  d,  fig.  2. 
They  consist  of  four  quarters  of  a  flat  circular  box  of  brass,  with 
circular  apertures  in  the  centres  of  its  top  and  bottom.  Their 
position  in  the  instrument  is  shown  in  figs.  1,  2,  and  6.  Each  of 
the  four  quadrants  is  supported  on  a  glass  stem  passing  down- 
wards through  a  slot  in  the  main  cover  of  the  jar,  from  a  brass 
mounting  on  the  outside  of  it,  and  admits  of  being  drawn  out- 
wards for  a  space  of  about  f  of  an  inch  (1  centim.)  from  the 
positions  they  occupy  when  the  instrument  is  in  use,  which  are 
approximately  those  shown  in  the  drawings.  Three  of  them  are 
secured  in  their  proper  positions  by  nuts  (e}  e,  e)  on  the  outside  of 
the  chief  flat  lid  of  the  jar  shown  in  fig.  4.  The  upper  end  of  the 
stem,  carrying  the  fourth,  is  attached  to  a  brass  piece  (/)  resting 
on  three  short  legs  on  the  upperside  of  the  main  cover,  two  of 
these  legs  being  guided  by  a  straight  V-groove  at  g  to  give  them 
freedom  to  move  in  a  straight  line  inwards  or  outwards,  and  to 
prevent  any  other  motion.  This  brass  piece  is  pressed  outwards 
and  downwards  by  a  properly  arranged  spring  (h),  and  is  kept 
*  Accademia  Poutificia  del  Nuovi  Liucei. 
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from  sliding  out  by  a  micrometer-screw  (i)  turning  in  a  fixed  nut. 
This  simple  kinematic  arrangement  gives  great  steadiness  to  the 
fourth  quadrant  when  the  screw  is  turned  inwards  or  outwards 
and  then  left  in  any  position ;  and  at  the  same  time  produces  but 
little  friction  against  the  sliding  in  either  direction.  The  opposite 
quadrants  are  connected  in  two  pairs  by  wires,  as  shown  in  fig.  5 ; 
and  two  stout  vertical  wires  (/,  ra),  called  the  chief  electrodes, 
passing  through  holes  in  the  roof  of  the  lantern,  are  firmly  sup- 
ported by  long  perforated  vulcanite  columns  passing  through  these 
holes,  which  serve  to  connect  the  pairs  of  quadrants  with  the 
external  conductors  whose  difference  of  potentials  is  to  be  tested. 
Springs  (n,  o)  at  the  lower  ends  of  these  columns,  shown  in  figs.  1 
and  2,  maintain  metallic  contact  between  the  chief  electrodes  and 
the  uppersides  of  two  contiguous  quadrants  (a  and  6)  when  the 
lantern  is  set  down  in  its  proper  position,  but  allow  the  lantern 
to  be  removed,  carrying  the  chief  electrodes  with  it,  and  to  be 
replaced  at  pleasure  without  disturbing  the  quadrants.  The 
lantern  also  carries  an  insulated  charging-rod  (p\  or  temporary 
electrode,  for  charging  the  inner  coating  of  the  jar  (§  11)  to  a 
small  degree,  to  be  increased  by  the  replenisher  (§  12),  or,  it  may 
be,  for  making  special  experiments  in  which  the  potential  of  the 
interior  coating  of  the  jar  is  to  be  measured  by  a  separate  electro- 
meter, or  kept  at  any  stated  amount  from  that  of  the  outer 
coating.  When  not  in  use  this  temporary  electrode  is  secured  in 
a  position  in  which  it  is  disconnected  from  the  inner  coating. 

§  7.  The  main  cover  supports  a  glass  column  (q,  fig.  2)  pro- 
jecting vertically  upwards  through  its  central  aperture,  to  the 
upper  end  of  which  is  attached  a  brass  piece  (r),  which  bears 
above  it  a  fixed  attracting  disk  (s),  to  be  described  later  (§  13) ; 
and  projecting  down  from  it  a  fixed  plate  bearing  the  silk-fibre 
suspension  of  the  mirror  (t),  needle  (u),  etc.,  seen  in  figs.  1  and  2, 
and  fixed  guard  tubes  (v,  w),  to  be  described  presently. 

|  8.  The  movable  conductor  of  the  instrument  consists  of  a 
stiff  platinum  wire  (x\  about  8  centimetres  (3J  inches)  long,  with 
the  needle  rigidly  attached  in  a  perpendicular  plane  to  it,  and 
connected  with  sulphuric  acid  in  the  bottom  of  the  jar  by  a  fine 
platinum  wire  hung  down  from  its  lower  end  and  kept  stretched 
by  a  platinum  weight  under  the  level  of  the  liquid.  The  upper 
end  of  the  stiff  platinum  wire  is  supported  by  a  single  silk-fibre  so 
that  it  hangs  down  vertically.  The  mirror  is  attached  to  it  just 
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below  its  upper  end.  Thus  the  mirror,  the  needle,  and  the  stiff 
platinum  stem  constitute  a  rigid  body  having  very  perfect  freedom 
to  move  round  a  vertical  axis  (the  line  of  the  bearing  fibre),  and 
yet  practically  prevented  from  any  other  motion  in  the  regular 
use  of  the  instrument  by  the  weight  of  its  own  mass  and  that  of 
the  loose  piece  of  platinum  hanging  from  it  below  the  surface  of 
the  liquid  in  the  jar.  A  very  small  magnet  is  attached  to  the 
needle,  which,  by  strong  magnets  fixed  outside  the  jar,  is  directed 
to  one  position,  about  which  it  oscillates  after  it  is  turned  through 
any  angle  round  the  vertical  axis  and  then  left  to  itself.  The 
external  magnets  are  so  placed  that  when  there  is  magnetic 
equilibrium  the  needle  is  in  the  symmetrical  position  shown  in 
figs.  5  and  6  with  reference  to  the  quadrants*. 

§  9.  The  needle  (u)  is  of  very  thin  sheet  aluminium  cut  to 
the  shape  seen  in  figs.  5  and  6,  the  very  thinnest  sheet  aluminium 
that  gives  the  requisite  stiffness  being  chosen.  If  the  four 
quadrants  are  in  a  perfectly  symmetrical  position  round  it,  and 
if  they  are  kept  at  one  electric  potential  by  a  metallic  arc  con- 
necting the  chief  electrodes  outside,  the  needle  may  be  strongly 
electrified  without  being  disturbed  from  its  position  of  magnetic 
equilibrium ;  but  if  it  is  electrified,  and  if  the  external  electrodes 
be  disconnected  and  any  difference  of  potentials  established  be- 
tween them,  the  needle  will  clearly  experience  a  couple  turning 
it  round  its  vertical  axis,  its  two  ends  being  driven  from  the 
positive  quadrants  towards  the  negative  if  it  is  itself  positively 
electrified.  It  is  kept  positive  rather  than  negative  in  the 
ordinary  use  of  the  instrument,  because  I  find  that  when  a 
conductor  with  sharp  edges  or  points  is  surrounded  by  another 
presenting  everywhere  a  smooth  surface,  a  much  greater  difference 
of  potentials  can  be  established  between  them,  without  producing 
disruptive  discharge,  if  the  points  and  edges  are  positive  than  if 
they  are  negative. 

§  10.  The  mirror  (t)  serves  to  indicate,  by  reflecting  a  ray  of 
light  from  a  lamp,  small  angular  motions  of  the  needle  round  the 
vertical  axis.  It  is  a  very  light,  concave,  silvered  glass  mirror, 
being  only  8  millimetres  (J  of  an  inch)  in  diameter,  and  22  milli- 
grammes (J  grain)  weight.  I  had  for  many  years  experienced 
great  difficulty  in  getting  suitable  mirrors  for  my  form  of  mirror 

*  Recently  I  have  made  experiments  on  a  bifilar  suspension  with  a  view  to 
superseding  the  magnetic  adjustment,  which  promise  well. 
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galvanometer ;  but  they  are  now  supplied  in  very  great  perfection 
by  Mr  Becker,  of  Messrs  Elliott  Brothers,  London.  The  focus  for 
parallel  rays  is  about  50  centimetres  (20  inches)  from  the  mirror 
and  thus  the  rays  of  the  lamp  placed  at  a  distance  of  1  metre 
(or  40  inches)  are  brought  to  a  focus  at  the  same  distance.  The 
lamp  is  usually  placed  close  behind  the  vertical  screen  a  little 
below  or  above  the  normal  line  of  the  mirror,  and  the  image  is 
thrown  on  a  graduated  scale  extending  horizontally  above  or  below 
the  aperture  in  the  screen  through  which  the  lamp  sends  its  light. 
When  the  mirror  is  at  its  magnetic  zero  position  the  lamp  is  so 
placed  that  its  image  is,  as  nearly  as  may  be,  in  a  vertical  plane 
with  itself,  and  not  more  than  an  inch  above  or  below  its  level ; 
so  that  there  is  as  little  obliquity  as  possible  in  the  reflection, 
and  the  line  traversed  by  the  image  on  the  screen  during  the 
deflection  is,  as  nearly  as  may  be,  straight.  The  distance  of  the 
lamp  and  screen  from  the  mirror  is  adjusted  so  as  to  give  as 
perfect  an  image  as  possible  of  a  fine  wire  which  is  stretched 
vertically  in  the  plane  of  the  screen  across  the  aperture  through 
which  the  lamp  shines  on  the  mirror;  and  with  Mr  Becker's 
mirrors  I  find  it  easy  to  read  the  horizontal  motions  of  the  dark 
image  to  an  accuracy  of  the  tenth  of  a  millimetre.  In  the  ordinary 
use  of  the  instrument  a  white  paper  screen,  printed  from  a  copper 
plate,  is  employed,  and  the  readings  are  commonly  taken  to  about 
a  quarter  of  a  scale-division ;  but  with  a  little  practice  they  may, 
when  so  much  accuracy  is  desired,  be  read  with  considerable 
accuracy  to  the  tenth  of  a  scale-division.  Formerly  a  slit  in  front 
of  the  lamp  was  used;  but  the  wire  giving  a  dark  line  in  the 
middle  of  the  image  of  the  flame  is  a  very  great  improvement, 
first  introduced  by  Dr  Everett,  in  consequence  of  a  suggestion 
made  by  Professor  P.  G.  Tait,  in  his  experiments  on  the  elasticity 
of  solids  made  in  the  Natural- Philosophy  Laboratory  of  Glasgow 
University  *. 

§11.  The  charge  of  the  needle  remains  sensibly  constant  from 
hour  to  hour,  and  even  from  day  to  day,  in  virtue  of  the  arrangement 
according  to  which  it  is  kept  in  communication  with  sulphuric  acid 
in  the  bottom  of  the  jar,  the  outside  of  the  jar  being  coated  with 

*  A  Drummond  light  placed  about  70  centimetres  from  the  mirror  gives  an 
image,  on  a  screen  about  3  metres  distance,  brilliant  enough  for  lecture-illustrations, 
and  with  sufficient  definition  to  allow  accurate  readings  of  the  positions  on  a  scale 
marked  by  the  image  of  a  fine  vertical  wire  in  front  of  the  light. 

B.  A.  15 


226  PRACTICAL   STANDARDS 

tinfoil  and  connected  with  the  earth,  so  that  it  is  in  reality  a  Leyden 
jar.  The  whole  outside  of  the  jar,  even  where  not  coated  with 
tinfoil,  is  in  the  ordinary  use  of  the  instrument,  especially  in  our 
moist  climate,  kept  virtually  at  one  potential  through  conduction 
along  its  surface.  This  potential  is  generally,  by  connecting  wires 
or  metal  pieces,  kept  the  same  as  that  of  the  brass  legs  and  frame- 
work of  the  instrument.  To  prevent  disturbance  in  case  of  strongly 
electrified  bodies  being  brought  into  the  neighbourhood  of  the 
instrument,  a  wire  is  either  wrapped  round  the  jar  from  top  to 
bottom,  or  a  cage  or  network  of  wire,  or  any  convenient  metal 
case,  is  placed  round  it;  but  this  ought  to  be  easily  removed  or 
opened  at  any  time  to  admit  of  the  interior  being  seen.  When 
the  instrument  is  left  to  itself  from  day  to  day  in  ordinary  use, 
the  needle,  connected  with  the  inner  coating  of  the  jar  as  just 
described,  loses,  of  course,  unless  replenished,  something  of  its 
charge ;  but  not  in  general  more  than  ^  per  cent,  per  day  when 
the  jar  is  of  flint  glass  made  in  Glasgow.  On  trying  similar  jars 
of  green  glass  I  found  that  they  lost  their  charge  more  rapidly 
per  hour  than  the  white  glass  jars  per  month.  I  have  occasionally, 
but  very  rarely,  found  white  glass  jars  to  be  as  defective  as  those 
green  ones ;  and  it  is  possible  that  the  defect  I  found  in  the  green 
jars  was  an  accident  to  the  jars  tested,  and  not  an  essential  property 
of  that  kind  of  glass. 

§  12.  I  have  recently  made  the  very  useful  addition  of  a 
replenisher  to  restore  electricity  to  the  jar  from  time  to  time  when 
required.  It  consists  of  (1)  a  turning  vertical  shaft  of  vulcanite 
bearing  two  metal  pieces  called  carriers  (b,b,  figs.  17  and  18,  Plate  5); 
(2)  two  springs  (d,  d,  figs.  16  and  18),  connected  by  a  metallic  arc, 
making  contact  on  the  carriers  once  every  half  turn  of  the  shaft, 
and  therefore  called  connectors ;  and  (3)  two  inductors  (a,  a)  with 
receiving  springs  (c,  c)  attached  to  them,  which  make  contact 
on  the  carriers  once  every  half  turn,  shortly  before  the  connecting 
contacts  are  made.  The  inductors  (a,  a,  figs.  16  and  18)  are  pieces 
of  sheet  metal  bent  into  circular  cylindrical  shapes  of  about  120° 
each ;  they  are  placed  so  as  to  deviate  in  the  manner  shown  in 
the  drawing  from  parts  of  a  cylindrical  surface  coaxal  with  the 
turning-shaft,  leaving  gaps  of  about  60°  on  each  side.  The  diameter 
of  this  cylindrical  surface  is  about  15  millimetres  (about  \  an  inch). 
The  carriers  (b,  b,  figs.  17  and  18)  are  also  of  sheet  metal  bent  to 
cylindrical  surfaces,  but  not  exactly  circular  cylinders,  and  are  so 
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placed  on  the  bearing  vulcanite  shaft  that  each  is  rubbed  by 
the  contact  springs  over  a  very  short  space,  about  1  millimetre 
beyond  its  foremost  edge,  when  turned  in  the  proper  direction  for 
replenishing.  The  receiving  springs  (c,  c,  figs.  17  and  18)  make 
their  contacts  with  each  carrier  immediately  after  it  has  got  fairly 
under  cover,  as  it  were,  of  the  inductor.  Each  carrier  subtends 
an  angle  of  about  60°  at  the  axis  of  the  turning-shaft.  The 
connecting  contacts  are  completed  just  before  the  carriers  commence 
emerging  from  being  under  cover  of  the  inductors.  The  carriers 
may  be  said  to  be  under  cover  of  the  inductors  when  they  are 
within  an  angle  of  120°  on  each  side  of  the  axis  subtended  by  the 
inductors.  One  of  the  inductors  is  in  metallic  communication 
with  the  outside  coating  of  the  jar,  the  other  with  the  inside. 
Figs.  16,  17,  and  18  illustrate  sufficiently  the  shape  of  carriers  and 
the  succession  of  the  contacts.  The  arrow-head  indicates  the 
direction  to  turn  for  replenishing.  When  it  is  desired  to  diminish 
the  charge,  the  replenisher  is  turned  backwards.  A  small  charge 
having  been  given  to  the  jar  from  an  independent  source,  the 
replenisher  when  turned  forwards  increases  the  difference  of 
potentials  between  the  two  inductors  and  the  two  coatings  of  the 
jar  connected  with  them  by  a  constant  percentage  per  half  turn, 
unless  it  is  raised  to  so  high  a  degree  as  to  break  down  the  air- 
insulation  by  disruptive  discharge.  The  electric  action  is  explained 
simply  thus : — The  carriers,  when  connected  by  the  connecting 
springs,  receive  opposite  charges  of  induction,  of  which  they  deposit 
large  proportions  the  next  time  they  touch  the  receiving  springs. 
Thus,  for  example,  if  the  jar  be  charged  positively,  the  carrier 
emerging  from  the  inductor  connected  with  the  inner  coating 
carries  a  negative  charge  round  to  the  receiving  spring  connected 
with  the  outside  coating,  while  the  other  carrier,  emerging  from 
the  inductor  connected  with  the  outside  coating,  carries  a  positive 
charge  round  to  the  receiving  spring  connected  with  the  inside 
coating.  If  the  carriers  are  not  sufficiently  well  under  cover  of  the 
inductors  during  both  the  receiving  contacts  and  the  connecting 
contacts  to  render  the  charges  which  they  acquire  by  induction 
during  the  connecting  contacts  greater  than  that  which  they 
carry  away  with  them  from  the  receiving  contacts,  the  rotation, 
even  in  the  proper  direction  for  replenishing,  does  not  increase, 
but,  on  the  contrary,  diminishes  the  charge  of  the  jar.  The 
deviations  of  the  inductors  from  the  circular  cylinder  referred  to 
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above  have  been  adopted  to  give  greater  security  against  this 
failure.  A  steel  pivot  fixed  to  the  top  of  the  vulcanite  shaft,  and 
passing  through  the  main  cover,  carries  a  small  milled  head 
(y,  fig.  1)  above,  on  the  outside,  which  is  spun  rapidly  round  in 
either  direction  by  pressing  the  finger  on  it;  and  thus  in  less 
than  a  minute  a  small  charge  in  the  jar  may  be  doubled.  The 
diminution  of  the  charge,  when  the  instrument  is  left  to  itself 
for  twenty-four  hours,  is  sometimes  imperceptible ;  but  when  any 
loss  is  discovered  to  have  taken  place,  even  if  to  the  extent  of 
10  per  cent.,  a  few  moments'  use  of  the  replenisher  suffices  to 
restore  it,  and  to  adjust  it  with  minute  accuracy  to  the  required 
degree  by  aid  of  the  gauge  to  be  described  presently.  The  principle 
of  the  "replenisher"  is  identical  with  that  of  the  "doubler"  of 
Bennet.  In  the  essentials  of  its  construction  it  is  the  same  as 
Varley's  improved  form  of  Nicholson's  "revolving  doubler." 

§  13.  The  gauge  consists  of  an  electrometer  of  Class  III.  The 
movable  attracted  disk  is  a  square  portion  of  a  piece  of  very  thin 
sheet  aluminium  of  the  shape  shown  at  a  in  fig.  4.  It  is  supported 
on  a  stretched  platinum  wire  passing  through  two  holes  in  the 
sheet  and  over  a  very  small  projecting  ridge  of  bent  sheet  aluminium 
placed  in  the  manner  shown  in  the  magnified  drawing,  fig.  3.  The 
ends  of  this  wire  are  passed  through  holes  in  curved  springs,  shown 
in  fig.  4,  and  are  bent  round  them  so  as  to  give  a  secure  attachment 
without  solder  and  without  touching  the  straight  stretched  part 
of  the  wire.  The  ends  of  the  platinum  wire  (/3,  ft)  are  attached 
by  cement  to  the  springs,  merely  to  prevent  them  from  becoming 
loose,  care  being  taken  that  the  cement  does  not  prevent  metallic 
contact  between  some  part  of  the  aluminium  wire  and  one  or  both 
of  the  brass  springs.  I  have  constantly  found  fine  platinum  wire 
rendered  brittle  by  ordinary  solder  applied  to  it.  The  use  of  these 
springs  is  to  keep  the  platinum  wire  stretched,  with  an  approximately 
constant  tension,  from  .year  to  year  and  at  various  temperatures. 
Their  fixed  ends  are  attached  to  round  pins,  which  are  held  with 
their  axes  in  a  line  with  the  fibre  by  friction,  in  bearings  forming 
parts  of  two  adjustable  brass  pieces  (7,  7)  indicated  in  fig.  4;  these 
pieces  are  adjusted  once  for  all  to  stretch  the  wire  with  sufficient 
force,  and  to  keep  the  square  attracted  disk  in  its  proper  position. 
The  round  pins  bearing  the  stretching-springs  are  turned  through 
very  small  angles  by  pressing  on  the  projecting  springs  with  the 
finger.  They  are  set  so  as  to  give  a  proper  amount  of  torsion 


FOR   ELECTRICAL   MEASUREMENTS  229 

tending  to  tilt  the  attracted  disk  (a)  upwards,  and  the  long  end 
of  the  aluminium  lever  (S),  of  which  it  forms  a  part,  downwards. 
The  downward  motion  of  the  long  end  is  limited  by  a  properly 
placed  stop.  Another  stop  (e)  above  limits  the  upward  motion, 
which  takes  place  under  the  influence  of  electrification  in  the  use 
of  the  instrument.  A  very  fine  opaque  black  hair  (that  of  a  small 
black-and-tan  terrier  I  have  found  much  superior  to  any  hitherto 
tried)  is  stretched  across  the  forked  portion  of  the  sheet  aluminium 
in  which  the  long  arm  of  the  lever  terminates.  Looked  at  hori- 
zontally from  the  outside  of  the  instrument  it  is  seen,  as  shown  in 
fig.  7,  Plate  5,  against  a  white  background,  marked  with  two  very 
fine  black  circles.  These  sight-plates  in  the  instruments,  as  now 
made  by  Mr  White,  are  of  the  same  material  as  the  ordinary  enamel 
watch-dials  with  black  figures  on  a  white  ground.  The  white  space 
between  the  two  circles  should  be  a  very  little  less  than  the  breadth 
of  the  hair.  The  sight-plate  is  set  to  be  as  near  the  hair  as  it  can 
be  without  impeding  its  motion  in  any  part  of  its  range ;  and  it  is 
slightly  convex  forwards,  and  is  so  placed  that  the  hair  is  nearer 
to  it  when  in  the  middle  between  the  black  circles  than  when  in 
any  other  part  of  its  range.  It  is  thus  made  very  easy,  even  without 
optical  aid,  to  avoid  any  considerable  error  of  parallax  in  estimating 
the  position  of  the  hair  relatively  to  the  two  black  circles.  By  a 
simple  plano-convex  lens  (<£,  fig.  2),  with  the  convex  side  turned 
inwards,  it  is  easy,  in  the  ordinary  use  of  the  instrument,  to  dis- 
tinguish a  motion  up  or  down  of  the  hair  amounting  to  ^^  of  an 
inch.  With  a  little  care  I  have  ascertained,  Dr  Joule  assisting, 
that  a  motion  of  no  more  than  ^^  of  an  inch  from  one  definite 
central  position  can  be  securely  tested  without  the  aid  of  other 
magnifying-power  than  that  given  by  the  simple  lens.  The  lens 
during  use  is  in  a  fixed  position  relatively  to  the  framework  bearing 
the  needle,  but  it  may  be  drawn  out  or  pushed  in  to  suit  the  focus 
of  each  observer.  To  give  great  magnification,  it  ought  to  be 
drawn  out  so  far  that  the  hair  and  sight-plate  behind  may  be  but 
little  nearer  to  the  lens  than  its  principal  focus,  and  the  observer's 
eye  ought  to  be  at  a  very  considerable  distance  from  the  instrument, 
no  less  than  20  centimetres  (8  inches),  to  get  a  good  magnification; 
and  a  short-sighted  person  should  use  his  ordinary  concave  eye-lens 
close  to  his  eye.  The  reason  for  turning  the  convexity  of  the  small 
plano-convex  lens  inwards  is,  that  if  the  eye  of  the  observer  is  too 
high  or  too  low,  the  hair  seems  to  him  curved  upwards  or  downwards, 
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and  he  is  thus  guided  to  keep  his  eye  on  a  level  sufficiently  constant 
to  do  away  with  all  sensible  effects  of  parallax  on  the  position  of 
the  hair  relatively  to  the  black  circles.     The  framework  carrying 
the  stretched  platinum  wire  and  movable  attracted  disk  is  above 
the  brass  roof  of  the  lantern,  in  which  a  square  aperture  is  cut  to 
allow  the  square  portion  constituting  the  short  arm  of  the  aluminium 
balance  to  be  attracted  downwards  by  the  fixed  attracting  disk 
(§  7),  to  be  presently  described.     A  side  view  of  the  attracting 
plate,  the  brass  roof  of  the  lantern,  the  aluminium  balance,  the 
sight-plate,  the  hair,  and  the  plano-convex  lens  is  shown  in  section 
(fig.  2),  also  a  glass  upper  roof  to  protect  the  gauge  and  the  interior 
of  the  instrument  below  from  dust  and  disturbance  by  currents  of 
air,  to  which,  without  this  upper  roof,  it  would  be  exposed,  through 
the  small  vacant  space  round  the  movable  aluminium  square.     The 
fixed  attracting  disk  is  borne  by  a  vertical  screw  screwing  into  the 
upper  brass  mounting  (z,  fig.  2)  (§  7),  connected  with  the  inner 
coating  of  the  Leyden  jar  through  the  guard  tubes,  etc.,  and  is 
secured  in  any  position  by  the  "jam  nut,"  shown  in  the  drawings 
at  zt  fig.  2.     This  disk  (s)  is  circular,  and  about  38  millimetres 
(1J  inch)  diameter,  and  it  is  placed  horizontally  with  its  centre 
under  the  centre  of  the  square  aperture  in  the  roof  of  the  lantern. 
Its  distance  from  the  lower  surface  of  the  roof  and  of  the  movable 
attracted  disk  may  be  from  2J  to  5  millimetres  (from  -^  to  J  of  an 
inch),  and  is  to  be  adjusted,  along  with  the   amount  of  torsion 
in  the  platinum  wire  bearing  the  aluminium  balance-arm,  so  as 
to  give  the  proper  sensibility  to  the  gauge.     The   sensibility  is 
increased  by  diminishing  the  distance  from  the  attracting  to  the 
attracted  plate  and  increasing  the  amount  of  torsion.     Or,  again, 
the  degree  of  the  potential  indicated  by  it  when  the  hair  is  in  the 
sighted  position  is  increased  by  increasing  the  distance  between 
the   plates,  or   by  diminishing   the   amount   of  torsion.     If  the 
electrification  of  the  needle  is  too  great,  its  proper  position  of 
equilibrium  becomes  unstable ;  or  before  this  there  is  sometimes 
a  liability  to  discharge  by  a  spark  across  some  of  the  air-spaces. 
The  instrument  works  extremely  well  with  the  needle  charged 
but  little  less  than  to  give  rise  to  one  or  both  of  these  faults, 
and  I  adjust  the  gauge  accordingly. 

§  14.  The  strength  of  the  fixed  steel-directing  magnets  is 
to  be  adjusted  to  give  the  desired  amount  of  deflection  with  any 
stated  difference  of  potentials  maintained  between  the  two  chief 
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electrodes,  when  the  jar  is  charged  to  the  degree  which  brings 
the  hair  of  the  gauge  to  its  sighted  position.  In  the  instruments 
already  made,  the  deflection*  by  a  single  cell  of  Daniell's  amounts 
to  about  100  scale-divisions  (of  ^  of  an  inch  each  at  a  distance 
of  40  inches)  when  the  magnetic  directive  force  is  such  as  to  give 
a  period  of  vibration  equal  to  about  1'5  second.  When  the  jar  is 
discharged  and  the  four  quadrants  are  connected  with  one  another 
and  with  the  inner  coating  of  the  jar,  lower  degrees  of  sensibility 
may  be  attained  better  by  increasing  the  magnetic  directing- force 
than  by  diminishing  the  charge  of  the  jar.  Thus,  for  instance, 
when  it  is  to  be  used  for  measuring  and  photographically  recording 
the  potential  of  atmospheric  electricity  at  the  point  where  the 
stream  of  the  water-dropping  collector  f  breaks  into  drops,  the 
magnetic  directing-force  may  be  made  from  10  to  100  times  more 
than  that  just  described.  When  this  is  to  be  done  it  may  be 
convenient  to  attach  a  somewhat  more  powerful  magnetic  needle 
than  that  which  has  been  made  in  the  most  recent  instruments 
where  a  high  degree  of  sensibility  is  desired.  But  it  is  to  be 
remarked  that  in  general  the  directing-force  of  the  external  steel 
magnets  cannot  be  too  strong,  as  the  stronger  it  is  the  less  is 
the  disturbance  produced  by  changing  magnetic  bodies  in  the 
neighbourhood  of  the  instrument.  In  laboratory  work,  where 
numerous  magnetic  experiments  are  being  performed  in  the 
immediate  neighbourhood,  and  in  telegraph  factories,  where  there 
is  constant  disturbance  by  large  moving  masses  of  iron,  the 
artificial  magnetic  field  of  the  electrometer  ought  to  be  made  very 
strong.  To  allow  this,  and  yet  leave  sufficient  sensibility  to  the 
instrument,  the  suspended  magnetic  needle  has  been  made  smaller 
and  smaller,  until  it  is  now  reduced  to  two  small  pieces  of  steel 
side  by  side,  6  millimetres  (J  of  an  inch)  long.  For  a  meteorological 
observatory  all  that  is  necessary  is,  that  the  directing  magnetic 
force  should  be  so  great  that  the  greatest  disturbance  experienced 
in  magnetic  storms  shall  not  sensibly  deflect  the  luminous  image  J. 
§  15.  The  sensibility  of  the  gauge  should  be  so  adjusted  that 

*  That  is  to  say,  the  number  of  scale-divisions  over  which  the  luminous  image 
moves  when  the  chief  electrodes  are  disconnected  from  one  another  and  put  in 
metallic  connexion  with  the  two  plates  of  a  Daniell's  battery. 

t  See  Royal  Institution  Lecture,  May  18,  1860  (Proceedings  of  the  R.  I.),  or 
Nichol's  Cyclopcedia,  article  "Electricity,  Atmospheric  "  (edition  1860). 

J  All  embarrassment  from  this  source  will  be  done  away  with  if  the  bifilar  plan 
be  adopted  (vide  footnote  to  §  8). 
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a  variation  in  the  charge  of  the  jar,  producing  an  easily  perceived 
change  in  the  position  of  the  hair,  shall  produce  no  sensible  change 
in  the  deflection  of  the  luminous  image  produced  by  the  greatest 
difference  of  potentials  between  the  quadrants,  which  is  to  be 
measured  in  the  use  of  the  instrument.  I  believe  the  instruments 
already  made,  when  adjusted  to  fulfil  these  conditions,  may  be 
trusted  to  measure  the  difference  of  potentials  produced  by  a 
single  cell  of  Daniell's  to  an  accuracy  of  a  quarter  per  cent.  It 
must  be  remembered  that  the  constancy  of  value  of  the  unit  of 
each  instrument  depends  not  only  on  the  constancy  of  the  potential 
indicated  by  the  gauge,  but  also  on  the  constancy  of  the  force  in 
the  field  traversed  by  the  suspended  needle.  As  both  these  may 
be  expected  to  decrease  gradually  from  year  to  year  (although 
very  slowly  after  the  first  few  hours  or  weeks),  rigorous  methods 
must  be  adopted  to  take  such  variations  into  account,  if  the 
instrument  is  to  be  trusted  to  as  giving  accurately  comparable 
indications  at  all  times.  The  only  method  hitherto  provided  for 
this  most  important  object  consists  in  the  observation  of  the 
deflection  produced  by  a  measured  motion  of  one  of  the  quadrants 
by  the  micrometer-screw  (i)  when  the  four  quadrants  are  put  in 
metallic  communication  with  one  another  through  the  principal 
electrodes — the  force  producing  this  deflection  when  the  potential 
of  the  jar  is  constant;  and  therefore,  the  jar  being  brought  to  one 
constant  potential  by  aid  of  the  gauge,  the  amount  of  the  deflection 
will  show  whether  or  not  the  force  of  the  magnetic  field  has 
changed,  and  will  render  it  easy  at  any  time  to  adjust  the  strength. 
of  the  magnets,  if  necessary,  to  secure  this  constancy.  But  to 
attain  this  object  by  these  means,  the  three  quadrants  not  moved 
by  the  micrometer-screw  must  be  clamped  by  their  fixing-screws 
so  that  they  may  be  always  in  the  same  position. 

§  16.  The  absolute  constancy  of  the  gauge  cannot  be  altogether 
relied  upon.  It  certainly  changes  to  a  sensible  degree  with 
temperature,  and  to  very  different  degrees,  and  even  in  different 
directions,  as  will  be  seen  (§  32)  in  connexion  with  the  description 
of  the  portable  electrometer  to  be  given  later.  But  this  temperature 
variation  does  not  amount  in  ordinary  cases  probably  to  as  much 
as  one  per  cent.;  and  it  is  probable  that  after  a  year  or  two  any 
further  secular  variation  of  the  platinum  torsion  spring  will  be 
quite  insensible.  It  is  to  be  remarked,  however,  that  secular 
experiments  on  the  elasticity  of  metals  are  wanting,  and  ought 
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at  least  to  be  commenced  in  our  generation.  In  the  meantime 
it  will  be  desirable,  both  on  account  of  the  temperature  variation 
and  of  the  possible  secular  variation  in  the  couple  of  torsion,  to 
check  the  gauge  by  accurate  measurements  of  the  time  of  oscillation 
of  the  needle  with  its  appurtenances.  The  moment  of  inertia  of 
this  rigid  body,  except  in  so  far  as  it  may  be  influenced  by  oxida- 
tion of  the  metal,  of  which  I  have  as  yet  discovered  no  signs,  may 
be  regarded  as  constant ;  and  therefore  the  amount  of  the  directing 
couple  due  to  the  magnets  may  be  determined  with  great  accuracy 
by  finding  the  period  of  an  oscillation  when  the  four  quadrants 
are  put  in  connexion  through  the  charging  rod  with  the  metal 
mounting  bearing  the  guard-plates,  etc.  I  have  not  as  yet  put 
into  practice  any  of  the  obvious  methods,  founded  on  the  general 
principle  of  coincidences  used  in  pendulum  observations,  for 
determining  the  period  of  the  oscillation ;  but  although  not  more 
than  twenty  or  thirty  oscillations  can  be  counted,  it  seems  certain 
that  with  a  little  trouble  the  period  of  one  of  them  may  be  de- 
termined without  much  trouble  to  an  accuracy  of  about  -fa  per  cent. 

ABSOLUTE  ELECTROMETER. 

§  17.  The  absolute  electrometer  (fig.  11,  Plate  6)  and  the 
other  instruments  of  Class  III.  are  founded  on  a  method  of 
experimenting  introduced  by  Sir  Wm.  Snow  Harris,  and  described 
in  his  first  paper  "On  the  Elementary  Laws  of  Electricity*" 
thirty-four  years  ago.  In  these  experiments  a  conductor,  hung 
from  one  arm  of  a  balance  and  kept  in  metallic  communication 
with  the  earth,  is  attracted  by  a  fixed  insulated  conductor,  which 
is  electrified,  and,  for  the  sake  of  keeping  its  electric  potential 
constant,  is  connected  with  the  inner  coating  of  a  Leyden  battery. 
The  first  result  which  he  announced  is,  that,  when  other  circum- 
stances remain  the  same,  the  attraction  varies  with  the  square 
of  the  quantity  of  electricity  with  which  the  insulated  body  is 
charged ;  but  "  it  is  readily  seen  that,  in  the  case  of  Mr  Harris's 
"  experiments,  it  will  be  so  slight  on  the  unopposed  portions  that 
"  it  could  not  be  perceived  without  experiments  of  a  very  refined 
"  nature,  such  as  might  be  made  by  the  proof  plane  of  Coulomb, 
"which  is,  in  fact,  with  a  slight  modification,  the  instrument 
"  employed  by  Mr  Faraday  in  the  investigation.  Now  to  the 

*  Philosophical  Transactions,  1834. 
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"  degree  of  approximation  to  which  the  intensity  on  the  unopposed 
"parts  may  be  neglected,  the  laws  observed  by  Mr  Harris  when 
"  the  opposed  surfaces  are  plane  may  be  readily  deduced  from  the 
"  mathematical  theory.  Thus  let  v  be  the  potential  in  the  interior 
"of  A,  the  charged  body,  a  quantity  which  will  depend  solely  on 
"  the  state  of  the  interior  coating  of  the  battery  with  which,  in 
"Mr  Harris's  experiments,  A  is  connected,  and  will  therefore  be 
"  sensibly  constant  for  different  positions  of  A  relative  to  the 
"uninsulated  opposed  body  B.  Let  a  be  the  distance  between 
"  the  plane  opposed  faces  of  A  and  B,  and  let  S  be  the  area  of  the 
"opposed  parts  of  these  faces,  which  will  in  general  be  the  area 
"  of  the  smaller,  if  they  be  unequal.  When  the  distance  a  is  so 
"small  that  we  may  entirely  neglect  the  intensity  on  all  the 
"unopposed  parts  of  the  bodies,  it  is  readily  shown,  from  the 
"  mathematical  theory,  that  (since  the  difference  of  the  potentials 
"  at  the  surfaces  of  A  and  B  is  v)  the  intensity  of  the  electricity 
"  produced  by  induction  at  any  point  of  the  portion  of  the  surface 

M 

"  of  B  which  is  opposed  to  A  is  ^ — ,  the  intensity  at  any  point 

"  which  is  not  so  situated  being  insensible.  Hence  the  attraction 
"  on  any  small  element  <»,  of  the  portion  S  of  the  surface  of  B, 
"will  be  in  a  direction  perpendicular  to  the  plane  and  equal  to 

/    v  V  v~S 

"  2-yr   T  - )  *.     Hence  the  whole  attraction  on  B  is  ?    — . 
\4s7raJ  Svrtt2 

"This  formula  expresses  all  the  laws  stated  by  Mr  Harris  as 
"  results  of  his  experiments  in  the  case  when  the  opposed  surfaces 
"are  planet." 

§  18.  After  many  trials  to  make  an  absolute  electrometer 
founded  on  the  repulsion  between  two  electrified  spherical  con- 
ductors for  which  I  had  given  a  convenient  mathematical  formula 
in  §  4  of  the  paper  just  quoted,  it  occurred  to  me  to  take  advantage 
of  the  fact  noticed  by  Harris,  but  easily  seen  as  an  immediate 
consequence  of  Green's  mathematical  theory,  that  the  mutual 
attraction  between  two  conductors  used  as  in  his  experiments 
is  but  little  influenced  by  the  form  of  the  unopposed  parts ;  and 
in  1853,  in  a  paper  "  On  transient  Electric  Currents]:,"  I  described 

*  See  Mathematical  Journal,  vol.  in.  p.  275. 

t  "  On  the  Elementary  Laws  of  Statical  Electricity,"  Cambridge  and  Dublin 
Mathematical  Journal,  1846;   and  Phil.  Mag.  July  1854. 
$  Phil.  Mag.  June  1853. 
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a  method  for  measuring  differences  of  electric  potential  in  absolute 
electrostatic  measure  founded  on  that  idea.  The  "absolute 
electrometer"  which  I  exhibited  to  the  British  Association  at 
its  Glasgow  Meeting  in  1855  was  constructed  for  the  purpose 
of  putting  these  methods  in  practice.  This  instrument  consists 
of  a  plane  metal  disk  insulated  in  a  fixed  horizontal  position,  with 
a  somewhat  smaller  fixed  metal  disk  hung  centrally  over  it 
from  one  end  of  the  beam  of  a  balance.  In  two  papers  entitled 
"Measurement  of  Electrostatic  Force  produced  by  a  Battery" 
and  "  Measurement  of  the  Electromotive  Force  required  to  produce 
a  spark  in  Air  between  parallel  metal  plates  at  different  distances," 
published  in  the  Proceedings  of  the  Royal  Society*  for  February 
1860,  I  described  applications  of  this  electrometer,  in  which,  for 
the  first  time,  I  believe,  absolute  electrostatic  measurements  were 
made.  The  calculations  of  differences  of  potentials  in  absolute 
measure  were  made  according  to  the  formula  quoted  above  (§  17) 
from  my  old  paper  on  "The  Elementary  Laws  of  Statical 
Electricity." 

§  19.  This  formula  is  rigorous  only  if  the  distance  between 
the  disks  is  infinitely  small  in  comparison  with  their  diameters; 
and  therefore,  in  my  earliest  attempt  to  make  absolute  electrostatic 
measurements,  I  used  very  small  distances.  I  found  great  difficulty 
in  securing  that  the  distance  should  be  nearly  enough  equal 
between  different  parts  of  the  plates,  and  in  measuring  its  absolute 
amount  with  sufficient  accuracy;  and  found  besides  serious  in- 
conveniences in  respect  of  sensibility  and  electric  range :  later 
I  made  a  great  improvement  in  the  instrument  by  making  only 
a  small  central  area  of  one  of  the  disks  movable.  Thus  the  electric 
part  of  the  instrument  becomes  two  large  parallel  plates  with 
a  circular  aperture  in  one  of  them,  nearly  filled  up  by  a  light 
circular  disk  supported  properly  to  admit  of  its  electrical  attraction 
towards  the  other  being  accurately  measured  in  absolute  units 
of  force.  The  disk  and  the  perforated  plate  surrounding  it  will 
be  called,  for  brevity,  the  disk  and  the  guard-plate.  The  faces 
of  these  two  next  the  other  plate  must  be  as  nearly  as  possible  in 
one  plane  when  the  disk  is  precisely  in  the  position  for  measuring 
its  electric  force,  which,  for  brevity,  will  be  called  its  sighted 
position.  The  space  between  the  disk  and  the  inner  edge  of  its 

*  Phil.  Mag.  September  and  October  1860. 
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guard-ring  must  be  a  very  small  part  of  the  diameter  of  the 
aperture,  and  must  be  very  small  in  comparison  with  the  distance 
between  the  plates;  but  the  diameter  of  the  disk  may  be  greater 
than,  equal  to,  or  less  than  the  distance  between  the  plates. 

§  20.  Mathematical  theory  shows  that  the  electric  attraction 
experienced  by  the  disk  is  the  same  as  that  experienced  by  a 
certain  part  of  one  of  two  infinite  planes  at  the  same  distance, 
with  the  same  difference  of  electric  potentials,  this  area  being 
very  approximately  the  mean  between  the  area  of  the  aperture 
and  the  area  of  the  disk,  and  that  the  approximation  is  very  good, 
even  although  the  distance  between  the  plates  be  as  much  as 
a  fourth  or  fifth,  and  the  diameter  of  the  disk  as  much  as  three- 
fourths  of  the  diameter  of  the  smaller  of  the  two  plates.  This 
conclusion  will  be  readily  assented  to  when  we  consider  that*  the 
resultant  electric  force  at  any  point  in  the  air  between  the  two 
plates  is  equal  numerically  to  the  rate  of  conduction  of  heat  per 
unit  area  across  the  corresponding  space  in  the  following  thermal 
analogue.  Let  a  solid  of  uniform  thermal  conductivity  replace  all 
the  air  between  and  round  the  plates;  and  in  place  of  the  plates 
let  there  be  hollow  spaces  in  this  solid.  Let  these  hollow  spaces 
be  kept  at  two  uniform  temperatures,  differing  by  a  number  of 
degrees  equal  numerically  to  the  difference  of  potentials  in  the 
electric  system,  the  space  corresponding  to  the  disk  and  guard- 
ring  being  at  one  temperature,  and  that  corresponding  to  the 
opposite  plate  at  the  other  temperature;  and  let  the  thermal 
conductivity  of  the  solid  be  unity.  If  we  attempt  to  draw  the 
isothermal  surfaces  between  the  hollow  corresponding  to  the 
continuous  plate  on  the  one  side,  and  that  corresponding  to  the 
disk  and  guard-ring  on  the  other  side,  we  see  immediately  that 
they  must  be  very  nearly  plane  from  very  near  the  disk  all  the 
way  across  to  the  corresponding  central  portion  of  the  opposite 
plate,  but  that  there  will  be  a  convexity  towards  the  annular 
space  between  the  disk  and  guard-ring. 

§  21.     Thus  we  see  that  the  resultant  electric  force  will,  to 

y 
a  very  close  approximation,  be  equal  to  -^  for  all  points  of  the  air 

between  the  plates  at  distances  from  the  outer  bounding  edges 

*  "On  the  Uniform  Conduction  of  Heat  through  Solid  Bodies,  and  its  connexion 
with  the  Mathematical  Theory  of  Electricity,"  Cambridge  Mathematical  Journal, 
Feb.  1842,  and  Phil.  Mag.  July  1854. 
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exceeding  two  or  three  times  the  distance  between  the  plates, 
and  at  distances  from  the  interstice  between  the  guard-ring  and 
disk  any  greater  than  the  breadth  of  this  interstice.  Hence  if  p 
denote  the  electric  density  of  any  point  of  the  plate  or  disk  far 
enough  from  the  edges,  we  have 

V 


But  the  outward  force  experienced  by  the  surface  of  the 
electrified  conductor  per  unit  of  area  at  any  point  is  27jy>2;  and 
therefore  if  F  denote  the  force  experienced  by  any  area  A  of  the 
fixed  plate,  no  part  of  which  comes  near  its  edge,  we  have 


S-rrD'2' 

which  will  clearly  be  equal  to  the  attraction  experienced  by  the 
movable  disk,  if  A  be  the  mean  area  defined  above.  This  gives 

/Q          Tfl 

F=I>     /— T-,  the  formula  by  which  difference  of  potentials  in 

absolute  electrostatic  measure  is  calculated  from  the  result  of  a 
measurement  of  the  force  F,  which,  it  must  be  remembered,  is  to 
be  expressed  in  kinetic  units.  Thus  if  W  be  the  mass  in  grammes 
to  which  the  weight  is  equal,  we  have 


where  g  is  the  force  of  gravity  in  centimetres  per  second. 

The  difficulty  which,  in  first  applying  this  method  about  twelve 
years  ago,  I  found  in  measuring  accurately  the  distance  D  between 
the  plates  and  in  avoiding  error  from  their  not  being  rigorously 
parallel,  I  now  elude  by  measuring  only  differences  of  distance, 
and  deducing  the  desired  results  from  the  difference  of  the 
corresponding  differences  of  potentials.  Thus  let  V  be  the 
difference  of  potentials  between  the  plates  required  to  give  the 
same  force  F  ';  when  the  difference  of  potentials  is  V  instead 
of  V,  we  have 


§  22.  The  plan  of  proceeding  which  I  now  use  is  as  follows  :  — 
Each  plate  (fig.  11,  Plate  6)  is  insulated;  one  of  them,  the 
continuous  one,  for  instance,  is  kept  at  a  potential  differing  from 
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the  earth  by  a  fixed  amount  tested  by  aid  of  a  separate  idiostatic* 
electrometer;  the  other  plate  (the  guard-ring  and  movable  disk 
in  metallic  communication  with  one  another)  is  alternately 
connected  with  the  earth  and  with  the  body  whose  potential  is 
to  be  measured.  The  lower  plate  is  moved  up  or  down  by  a 
micrometer-screw  until  the. movable  disk  balances  in  a  definite 
position,  indicated  by  the  hair  (with  background  of  white  with 
black  dots)  seen  through  a  lens,  as  shown  in  fig.  11.  Before  and 
after  commencing  each  series  of  electrical  experiments,  the  amount 
of  weight  to  be  placed  on  the  upperside  of  the  disk  to  bring  the 
hair  to  its  sighted  position  when  there  is  no  electric  force  is  deter- 
mined. This  last  condition  is  secured  by  putting  the  two  plates 
in  metallic  communication  with  one  another.  For  the  electric 
experiments  the  weight  is  removed,  so  that  when  the  hair  is  in 
the  sighted  position  the  electric  attraction  on  the  movable  disk 
is  equal  to  the  force  of  gravity  on  the  weight.  The  electric 
connexions  suitable  in  using  this  instrument  for  determining  in 
absolute  electrostatic  measure  the  difference  of  potentials  main- 
tained by  a  galvanic  battery  between  its  two  electrodes  are  indicated 
in  fig.  11.  No  details  as  to  the  case  for  preventing  disturbance 
by  currents  of  air,  and  for  maintaining  a  dry  atmosphere,  by  aid 
of  pumice  impregnated  with  strong  sulphuric  acid,  are  shown, 
because  they  are  by  no  means  convenient  in  the  instrument  at 
present  in  use,  which  has  undergone  so  many  transformations  that 
scarcely  any  part  of  the  original  structure  remains.  I  hope  soon 
to  construct  a  compact  instrument  convenient  for  general  use. 
The  amount  of  force  which  is  constant  in  each  series  of  experiments 
may  be  varied  from  one  series  to  another  by  changing  the  position 
of  a  small  wire  rider  on  the  lever  from  which  the  movable  disk 
is  hung. 

The  electric  system  here  described  is  heterostatic  (§  40  below), 
there  being  an  independent  electrification  besides  that  whose 
difference  of  potential  is  to  be  measured. 

*  See  §  40  below. 
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PORTABLE  ELECTROMETER. 

§  23.  In  the  ordinary  use  of  the  portable  electrometer  (figs.  8, 
9,  and  10,  Plate  6)  the  electric  system  is  heterostatic  and  quite 
similar  to  that  of  the  absolute  electrometer,  when  used  in  the 
manner  described  above  in  §  22.  But  the  balance  is  not  adapted 
for  absolute  measure  of  the  amount  of  force  of  attraction  experienced 
by  the  movable  disk ;  on  the  contrary,  it  is  precisely  the  same  as 
that  described  for  the  gauge  of  the  quadrant  electrometer  in  §  13 
above,  only  turned  upside  down.  Thus,  in  the  portable  instrument, 
the  square  disk  (/)  forming  part  of  the  lever  of  thin  sheet  aluminium 
is  attracted  upwards  by  a  solid  circular  disk  of  sheet  brass  (g), 
thick  enough  for  stiffness.  Every  part  of  the  aluminium  lever 
except  this  square  portion  is  protected  from  electric  attraction  by 
a  fixed  brass  plate  (h,  h)  with  a  square  hole  in  it,  as  nearly  as  may 
be  stopped  by  the  square  part  of  the  sheet  aluminium  destined  to 
experience  the  electric  attraction,  all  other  parts  of  the  aluminium 
balance-lever  being  below  this  guard-plate.  The  aluminium  lever 
(i,  k),  as  shown  in  figs.  8  and  10,  is  shaped  so  that  when  the  hair 
(I)  at  the  long  end  of  its  lever  is  in  its  sighted  position,  the  upper 
surfaces  of  the  fixed  guard-plate  (h)  and  movable  aluminium  square 
{/)  are  as  nearly  as  may  be  in  one  plane.  The  mode  of  suspension 
is  precisely  the  same  as  that  described  (§  13)  for  the  gauge  of  the 
quadrant  electrometer.  In  the  portable  instrument,  careful  atten- 
tion is  given  by  the  maker  to  balance  the  aluminium  lever  by 
adding  to  it  small  masses  of  shellac  or  other  convenient  substance, 
so  that  its  centre  of  gravity  may  be  in  the  line  of  its  platinum- 
wire  axis,  or,  more  properly  speaking,  in  such  a  position  that  the 
instrument  shall  give,  when  electrified,  the  same  "earth-readings" 
when  held  in  any  positions,  either  upright,  or  inclined,  or  inverted 
(§  30  below).  Thus  the  condition  of  equilibrium  of  the  balance, 
when  the  hair  is  in  its  sighted  position,  is  that  the  moment  of 
electric  attraction  round  the  axis  of  suspension  shall  be  equal 
to  the  moment  of  the  couple  of  torsion,  the  latter  being  as  constant 
as  the  properties  of  the  matter  concerned  (platinum  wire,  brass 
stretching-springs,  etc.)  will  allow. 

§  24.  The  guard-plate  carrying,  by  the  platinum-wire  suspen- 
sion, the  aluminium  balance,  is  attached  to  the  bottom  of  a  small 
glass  Leyden  jar  (ra,  m\  and  is  in  permanent  metallic  communica- 
tion with  its  inside  coating  of  tinfoil.  The  outside  tinfoil  coating 
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of  this  jar  is  in  permanent  metallic  communication  with  the  outside 
brass-protecting  case.  The  upper  open  mouth  of  this  case  is  closed 
by  a  lid  or  roof,  which  bears  on  its  underside  a  firm  frame  projecting 
downwards.  This  frame  has  two  V  notches,  in  which  a  stout  brass 
tube  (o)  slides,  kept  in  the  Vs  by  a  properly  placed  spring  (p) 
giving  it  freedom  to  slide  up  and  down  in  one  definite  line*. 
Firmly  fixed  in  the  upper  end  of  this  tube  is  a  nut  (a,  fig.  8), 
which  is  caused  to  move  up  and  down  by  a  micrometer-screw. 
The  lower  end  of  the  shaft  of  this  screw  has  attached  to  it  a  convex 
piece  of  polished  steel  (6,  fig.  8),  which  is  pressed  upon  a  horizontal 
agate  plate  rigidly  attached  to  the  framework  above  mentioned  by 
a  stiff  brass  piece  projecting  into  the  interior  of  the  brass  tube 
through  a  slot  long  enough  to  allow  the  requisite  range  of  motion. 
This  arrangement  will  be  readily  understood  from  the  accompanying 
drawings.  It  has  been  designed  upon  obvious  geometrical  prin- 
ciples, which  have  been  hitherto  neglected,  so  far  as  I  know,  in  all 
micrometer-screw  mechanisms,  whether  for  astronomical  instruments 
or  other  purposes.  The  screw-shaft  is  turned  by  a  milled  head, 
fixed  to  it  at  its  top  outside  the  roof  of  the  instrument,  and  the 
angles  through  which  it  is  turned  are  read  on  a  circle  divided  into 
100  equal  parts  of  the  circumference  (or  3°'6  each)  from  a  fixed 
mark  on  the  roof  of  the  instrument.  The  hole  in  the  roof  through 
which  the  screw-shaft  passes  is  wide  enough  to  allow  the  shaft  to 
turn  without  touching  it,  and  the  lower  edge  of  the  graduated 
circle  turning  with  the  screw  is  everywhere  very  near  the  upperside 
of  the  roof,  but  must  not  touch  it  at  any  point.  A  second  nut 
(c,  fig.  8)  above  the  effective  nut  fits  easily,  but  somewhat  accurately, 
in  the  hollow  brass  tube,  but  is  prevented  from  turning  round  in 
the  tube  by  a  proper  projection  and  slot.  Thus  the  screw  is 
rendered  sufficiently  steady,  with  reference  to  the  sliding-tube ; 
that  is  to  say,  it  is  prevented  from  any  but  excessively  small  rota- 
tions round  an  axis  perpendicular  to  the  length  of  the  screw-shaft ; 
and  when  the  nut  is  kept  from  being  turned  round  its  proper  axis, 
it  forms  along  with  the  sliding-tube  virtually  a  rigid  body.  A 


*  In  consequence  of  suggestions  by  Mr  Jenkin,  it  is  probable  that  the  spring 
may  be  done  away  with,  and  the  Vs  replaced  by  rings  approximately  fitting  round 
the  tube,  but  leaving  it  quite  free  to  fall  down  by  its  own  weight.  In  consequence 
of  the  symmetrical  position  of  the  convex  end  of  the  screw  over  the  centre  of  the 
attracted  disk,  slight  lateral  motions  of  the  tube  produce  no  sensible  effect  on  the 
electric  attraction. 
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carefully  arranged  spiral  spring  presses  the  two  nuts  asunder,  and 
so  causes  the  upperside  of  the  thread  of  the  screw-shaft  always  to 
press  against  the  underside  of  the  thread  of  the  effective  nut,  thus 
doing  away  with  what  is  technically  called  in  mechanics  "lost 
time."  In  turning  the  micrometer-screw,  the  operator  presses  its 
head  gently  downwards  with  his  finger,  to  secure  that  its  lower 
end  bears  firmly  upon  the  agate  plate.  It  would  be  the  reverse 
of  an  improvement  to  introduce  a  spring  attached  to  the  roof  of 
the  instrument  outside  to  press  the  screw-head  down  wards,  inasmuch 
as  however  smooth  the  top  of  the  screw-shaft  might  be  made,  and 
however  smooth  the  spring  pressing  it  down,  there  would  still  be 
a  very  injurious  friction  impeding  the  proper  settlement  of  the 
sliding-tube  into  its  Vs.  A  stiff  fork  (q)  stretching  over  the 
graduated  circle  is  firmly  attached  to  the  roof  outside,  to  prevent 
the  screw  from  being  lifted  up  by  more  than  a  very  small  space, 
perhaps  not  more  than  ^  of  an  inch  at  most.  In  using  the 
instrument,  the  observer  should  occasionally  pull  up  the  screw- 
head  and  press  it  down  again,  and  give  it  small  horizontal  motions, 
to  make  sure  that  when  he  is  using  it  it  is  pressed  in  properly  to 
its  Vs  and  down  upon  the  agate  plate.  A  long  arm  (d,  figs.  8 
and  9)  (or  two  arms  one  above  the  other),  firmly  attached  to  the 
sliding-tube,  carries  a  pointer  which  moves  up  and  down  with  it. 
Two  fixed  guiding-cheeks  on  each  side  of  this  pointer  prevent  the 
tube  from  being  carried  round  too  far  in  either  direction  when  the 
screw  is  turned:  one  of  these  cheeks  is  graduated  so  that  each 
division  is  equal  in  length  to  the  step  of  the  micrometer-screw; 
this  enables  the  operator  to  ascertain  the  number  of  times  he  has 
turned  the  screw.  These  two  cheeks  must  never  simultaneously 
press  upon  the  sliding-pointer;  on  the  contrary,  they  must  leave 
it  a  slight  amount  of  lateral  freedom  to  move.  If  this  does  not 
amount  to  0'36  of  a  degree,  the  amount  of  "  lost  time  "  produced  by 
it  will  not  exceed  y1^  of  a  division  of  the  micrometer-circle,  and 
will  not  produce  any  sensible  error  in  the  use  of  the  instrument. 
A  glass  rod  cemented  to  the  lower  end  of  the  tube  prolongs  its 
axis  downwards,  and  bears  the  continuous  attracting-plate  of  the 
electrometer  at  its  lower  end. 

The  object  aimed  at  in  the  mechanism  just  described  is  to 
prevent  the  nut  and  other  parts  rigidly  connected  with  it  from 
any  other  motion  than  parallel  to  one  definite  line,  and  to  leave 
it  freedom  to  move  in  this  line,  unimpeded  by  any  other  friction 

B.  A.  16 
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than  that  which  is  indispensable  in  the  arrangement  for  keeping 
the  sliding-tube  in  its  Vs. 

§  25.  If  the  inner  tinfoil  covering  of  the  Ley  den  jar  were 
completed  up  to  the  guard-plate  bearing  the  aluminium  balance, 
the  long  arm  of  this  lever  being  in  the  interior  of  a  hollow  conductor 
would  experience  no  electric  influence  and  no  force  from  the 
electrification  of  the  Leyden  jar,  or  from  separate  electrification 
of  the  upper  attract  ing-plate,  or,  more  strictly  speaking,  the  electric 
density  and  consequent  electric  force  on  the  long  arm  of  the  lever 
would  be  absolutely  insensible  to  the  most  refined  test  we  could 
apply,  because  of  the  smallness  of  the  gap  between  the  movable 
aluminium  square  and  the  boundary  of  the  square  aperture  in 
the  guard-plate.  But  to  see  the  hair  on  the  long  end  of  the  lever, 
and  the  white  background  with  black  dots  behind  it,  a  good  portion 
of  the  glass  under  the  guard-plate  must  be  cleared  of  tinfoil  outside 
and  inside.  Thus  the  electric  potential  of  the  inner  coating  of  the 
Leyden  jar  will- not  be  continued  quite  uniformly  over  the  inner 
surface  of  the  bared  portion  of  the  glass,  and  a  disturbance  affecting 
chiefly  the  most  sensitive  part  of  the  lever  will  be  introduced. 
To  diminish  this  as  much  as  possible  without  inconveniently 
impeding  vision,  a  double  screen  of  thin  wire  fences,  in  metallic 
communication  with  the  inner  tinfoil  coating  and  the  guard-plate, 
is  introduced  between  the  end  of  the  lever  and  the  glass  through 
which  it  is  observed. 

§  26.  A  very  light  spiral  spring  (r)  connects  the  upper 
attracting-plate  with  a  brass  piece  supported  upon  a  fixed  vertical 
glass  column  projecting  downwards  from  the  roof  of  the  instrument. 
This  brass  piece  bears  a  stout  wire  (s),  called  the  main  electrode, 
projecting  vertically  upwards  along  the  axis  of  a  brass  tube  open 
at  each  end,  fixed  in  an  aperture  in  the  roof  so  as  to  project 
upwards  and  downwards,  as  shown  in  fig.  9. 

§  27.  The  top  of  the  main  electrode  bears  a  brass  sliding-piece 
(i),  which,  when  raised  a  little,  serves  for  umbrella  and  wind-guard 
without  disturbing  the  insulation ;  and  when  pressed  down  closes 
the  aperture  and  puts  the  electrode  in  metallic  connexion  with 
the  roof  of  the  instrument.  When  the  instrument  is  to  be  used 
for  atmospheric  electricity  (unless  at  a  fixed  station)  a  steel  wire, 
about  20  centimetres  long,  is  placed  in  the  hole  on  the  top  of  the 
sliding  brass  piece  just  mentioned,  and  is  thus  held  in  the  vertical 
position.  A  burning  match  is  attached  to  its  upper  end,  which 
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has  the  effect  of  bringing  the  potential  of  the  chief  electrode  and 
upper  attracting-plate  etc.  all  to  the  potential  of  the  air  at  the 
point  where  the  match  burns*.  The  instrument  is  either  held 
in  the  observer's  hand,  or  it  is  placed  upon  a  fixed  support,  and 
care  taken  that  its  outer  brass  case  is  in  connexion  with  the  earth. 
When  the  difference  of  potentials  between  two  conductors  is  to 
be  tested,  one  of  these  is  connected  with  the  brass  case  of  the 
instrument,  and  the  other  with  the  chief  electrode,  the  umbrella 
being  kept  up.  If  both  of  these  conductors  must  be  kept  insulated 
from  the  earth,  the  brass  case  of  the  electrometer  must  be  put 
on  an  insulating  stand,  and  the  micrometer-screw  turned  by  an 
insulating  handle. 

§  28.  A  lead  cup  (e,  fig.  8),  supported  by  metal  pillars  from 
the  roof  and  carrying  pieces  of  pumice-stone,  held  in  their  place 
by  india-rubber  bands,  completes  the  instrument.  The  inner 
surface  of  the  glass  must  be  clean,  and  particles  of  dust,  minute 
shreds  or  fibres,  etc.  removed  as  carefully  as  possible,  especially 
from  the  lower  surface  of  the  upper  attracting-plate,  and  the  upper 
surface  of  the  guard-plate  and  aluminium  square  facing  it  from 
below.  The  pumice  is  prepared  by  moistening  it  with  a  few  drops 
of  strong  pure  sulphuric  acid.  Ordinary  sulphuric  acid  of  commerce 
should  be  boiled  with  sulphate  of  ammonia  to  free  it  from  volatile 
acid  vapours,  and  to  strengthen  it  sufficiently  by  removing  water 
if  the  acid  be  not  of  the  strongest.  There  should  not  be  so  much 
acid  applied  to  the  pumice  as  to  make  it  have  the  appearance  of 
being  moist,  but  there  must  be  enough  to  maintain  a  sufficiently 
dry  atmosphere  within  the  instrument  for  very  perfect  insulation 
of  the  Ley  den  jar,  which  I  find  does  not  in  general  lose  more  of 
its  charge  than  5  per  cent,  per  week  when  the  pumice  is  properly 
acidulated.  Thus  there  is  no  tendency  of  the  liquid  to  drop  out 
of  the  pumice;  and  the  pumice  being  properly  secured  by  the 
india-rubber  bands,  the  instrument  may  be  thrown  about  with 
any  force,  short  of  that  which  might  break  the  glass  jar  or  either 
of  the  glass  stems,  without  doing  any  damage ;  but  to  ensure  this 
hardiness  the  sheet  aluminium  of  which  the  balance  is  made  must 
be  very  thin.  After  several  weeks'  use  the  pumice  may  commence 
to  look  moist,  and  even  slight  traces  of  moisture  may  be  seen 
on  the  outside  of  the  lead  cup,  in  consequence  of  watery  vapour 

*  See  Nichol's  Cyclopedia,  article  "Electricity,  Atmospheric,"  2nd  edition,  i860 ; 
or  Royal  Institution  Lecture  on  Atmospheric  Electricity,  May  1860. 
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attracted  by  the  sulphuric  acid  from  the  atmosphere;  but  the 
pumice  should  then  be  taken  and  dried.  At  all  events  this  must 
be  done  in  good  time,  before  enough  of  the  liquid  has  collected 
to  give  any  tendency  to  drop.  In  all  climates  in  which  I  have 
hitherto  tested  the  instrument,  I  have  found  the  pumice  effective 
for  insulation  and  safe  in  keeping  all  the  liquid  to  itself  for  two 
months.  But  it  having  been  reported  to  me  by  Mr  Becker  that 
many  instruments  have  been  returned  to  him  in  a  ruinous  condition 
from  drops  of  sulphuric  acid  having  become  scattered  through  their 
metal  work,  I  now  cause  to  be  engraved  conspicuously  on  the  outer 
case  of  the  instrument  "  PUMICE  DANGEROUS,  IF  NOT  DRIED  ONCE 
A  MONTH  " ;  also  a  frame  carrying  a  card,  on  which  the  dates  of 
drying  are  inscribed,  to  be  placed  in  a  convenient  position  on  the 
roof  of  the  instrument. 

§  29.  To  prepare  the  instrument  for  use,  the  inner  coating 
of  the  Leyden  jar  must  be  charged  through  a  charging-rod, 
insulated  in  a  vulcanite  or  glass  tube  and  let  down  for  the  occasion 
through  a  hole  in  the  roof  of  the  instrument,  by  aid  of  a  small 
electrophorus,  which  generally  accompanies  the  instrument,  or  by 
an  electrical  machine.  I  generally  prefer  to  give  a  negative  charge 
to  the  inner  coating,  as  I  have  not  found  any  physical  reason,  such 
as  that  mentioned  in  §  9  above,  to  prefer  a  positive  charge  to  a 
negative  charge ;  and  the  negative  charge  gives  increased  readings 
of  the  micrometer,  in  the  ordinary  use  of  the  instrument,  to 
correspond  to  positive  charges  of  the  principal  electrode,  as  will 
be  presently  explained.  Before  commencing  to  charge  the  jar, 
the  upper  attracting-plate  should  be  moved  to  nearly  the  highest 
position  of  its  range  by  the  micrometer-screw,  otherwise  too  strong 
a  force  of  electric  attraction  may  be  put  upon  the  aluminium 
square ;  and,  besides,  the  jar  will  discharge  itself  between  the 
upper  plate  and  the  extreme  edge  of  the  aluminium  square, 
pulled  as  it  is  very  much  above  the  level  of  the  guard-plate  by 
the  electric  attraction.  I  have  not  found  any  injury  or  change 
of  electric  value  of  the  scale-divisions  to  arise  from  any  such  rough 
usage ;  but  still,  to  guard  against  such  a  possibility,  I  propose  to 
add  to  the  guard-plate  checks  to  prevent  the  corners  of  the 
aluminium  from  rising  much,  if  at  all,  above  its  level,  and  to 
conduct  the  discharge  and  protect  the  aluminium  and  platinum 
from  the  shock,  in  case  of  the  upper  plate  being  brought  too  near 
the  lower.  When  the  instrument  is  being  charged,  or  when  it  is 


out  of 
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out  of  use  at  any  time,  the  umbrella  should  always  be  kept  down ; 
but  it  must  be  raised  to  insulate  the  principal  electrode,  of  course, 
before  proceeding  to  apply  this  to  a  body  whose  difference  of 
potential  from  a  body  connected  with  the  case  of  the  instrument 
is  to  be  measured. 

§  30.  In  using  the  instrument  the  umbrella  must  very 
frequently  be  lowered,  or  metallic  communication  established  in 
any  other  convenient  way  between  the  chief  electrode  and  the 
outer  brass  case,  the  micrometer-screw  turned  until  the  hair  takes 
its  sighted  position,  and  the  reading  taken,  the  hundreds  being 
read  on  the  interior  vertical  scale,  and  the  units  (or  single  divisions 
of  the  circle)  on  the  graduated  circle  above.  The  number  thus 
found  is  called  the  earth-reading;  it  measures  the  distance  from 
an  arbitrary  zero  position  to  the  position  in  which  the  upper 
attracting-plate  must  be  placed  to  give  the  amount  of  electric 
force  on  the  aluminium  square  which  balances  the  lever  in  its 
sighted  position.  A  constant  added  to  the  earth-reading,  or 
subtracted  from  it,  gives  (§  1)  a  number  simply  proportional  to 
the  difference  of  potentials  between  the  upper  and  lower  plate ; 
that  is  to  say,  between  the  two  coatings  of  the  Leyden  jar.  The 
vertical  scale  and  micrometer-circle  are  numbered,  so  that  increased 
distances  between  the  plates  give  increased  readings;  and  the 
zero  reading  should  correspond  as  nearly  as  may  be  to  zero  distance 
between  them,  although  in  the  instruments  hitherto  made  no  pains 
have  been  taken  to  secure  this  condition,  even  somewhat  approxi- 
mately. If  it  is  desired  to  know  the  constant,  an  electrical 
experiment  must  be  made  to  determine  it,  which  is  done  with 
ease ;  but  this  is  not  necessary  for  the  ordinary  use  of  the 
instrument,  which  is  as  follows. 

§  31.  First  an  earth-reading  is  taken,  then  the  upper  electrode 
is  insulated  by  raising  the  umbrella,  or  otherwise  breaking  connexion 
between  the  principal  electrode  and  the  outer  metal  case  of  the 
instrument.  The  principal  electrode  and  the  outer  case  are  then 
connected  with  the  two  bodies  whose  difference  of  potential  is  to 
be  determined,  and  the  micrometer-screw  is  turned  until  the  hair 
is  brought  to  its  sighted  position.  The  reading  of  hundreds  on 
the  vertical  scale  and  units  on  the  circle  is  then  taken.  Lastly, 
the  principal  electrode  is  again  connected  with  the  case  of  the 
instrument  and  another  earth-reading  is  taken.  If  the  second 
earth-reading  differs  from  the  first,  the  observer  must  estimate 
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the  most  probable  earth-reading  for  the  moment  when  the  hair 
was  in  its  sighted  position,  with  the  upper  plate  and  the  metal 
case  in  connexion  with  the  two  bodies  whose  difference  of  potential 
is  to  be  measured.  The  estimated  earth-reading  is  to  be  subtracted 
from  the  reading  taken  in  connexion  with  the  bodies  to  be  tested. 
This  difference  measures  (§  21)  the  required  difference  of  potentials 
between  them  in  units  of  the  instrument.  The  value  of  the  unit 
of  the  instrument  ought  to  be  known  in  absolute  electrostatic 
measure;  and  the  difference  of  reading  found  in  any  experiment 
is  to  be  multiplied  by  this,  which  is  called  (§1)  the  absolute 
coefficient  of  the  instrument,  to  give  the  required  difference  of 
potentials  in  absolute  measure.  It  so  happens  that,  in  the 
portable  electrometers  of  the  kind  now  described  which  have 
been  hitherto  constructed,  the  absolute  coefficient  is  somewhere 
about  O'Ol,  so  that  one  turn  of  the  screw,  or  100  divisions  of  the 
circle,  corresponds  to  somewhere  about  one  electrostatic  unit,  with 
a  gramme  for  the  unit  of  mass,  a  centimetre  for  the  unit  of  distance, 
and  a  second  for  the  unit  of  time ;  but  the  different  instruments 
differ  from  one  another  by  as  much  as  ten  or  twenty  per  cent, 
in  their  absolute  coefficients.  In  all  of  these  I  have  found  between 
three  and  four  Daniell's  cells  to  correspond  to  the  unit  division; 
that  is  to.  say,  between  three  hundred  and  four  hundred  cells  to 
a  full  turn  of  the  screw.  With  great  care,  the  observer  may 
measure  small  differences  of  potentials  by  this  instrument  to  the 
tenth  part  of  a  division  (or  to  about  half  a  Daniell's  cell).  With 
a  very  moderate  amount  of  practice  and  care,  an  error  of  as  much 
as  a  half  division  may  be  avoided  in  each  reading. 

§  32.  But  there  are  imperfections  in  the  instrument  itself 
which  make  it  difficult  or  impossible  to  secure  very  minute  accuracy, 
especially  in  measurements  through  wide  ranges. 

(1)  In  the  first  place,  I  am  not  sure  that  the  end  of  the 
needle  carrying  the   hair   is   protected    sufficiently  by  the  wire 
fences  (§  25)  from  electric  disturbance   to  provide  against  any 
error  from  this  source,  which  possibly  introduces  serious  irregu- 
larities. 

(2)  In  the  second  place,  the  capacity  of  the  jar  in  the  small 
portable  instrument  is  not  sufficient  to  secure  that  the  potential 
of  its  inner  coating  shall  not  differ  sensibly  with  the  different 
distances  to  which  the  upper  plate  is  brought  to  balance  the 
aluminium  lever  with  the  hair  in  its  sighted  position.     But  on 
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this  point  it  is  to  be  remarked  that  the  electric  density  on  the 
upper  surface  of  the  guard-plate  is  in  its  central  parts  always 
the  same  when  the  hair  is  in  its  sighted  position;  and  it  is 
therefore  only  the  comparatively  small  difference  of  the  quantity 
of  electricity  on  this  surface,  towards  the  rim,  corresponding  to 
different  distances  of  the  attracted  plate,  that  causes  difference 
of  potential  in  the  inner  coating  of  the  jar.  But  if  the  upper 
attracting-plate  be  kept  for  several  minutes  at  any  distance, 
differing  by  a  few  turns  of  the  screw,  from  that  which  brings  the 
hair  to  its  sighted  position,  the  electricity  creeps  along  the  inner 
unconnected  surface  of  the  glass,  so  as  to  increase  the  charge  of 
the  inner  metallic  coating  or  diminish  it,  according  as  the  distance 
is  too  great  or  too  small.  If  then  quickly  the  screw  be  turned 
and  the  earth-reading  taken,  it  is  found  greater  or  smaller,  as  the 
case  may  be,  than  previously;  but  after  a  few  minutes  more  it 
returns  to  its  previous  value  very  approximately.  Error  from  this 
source  may  be  practically  avoided  by  taking  care  never  to  allow 
the  hair  to  remain  for  more  than  a  few  minutes  far  from  its  sighted 
position — never  so  far,  for  instance,  as  above  the  centre  of  the 
upper,  or  below  the  centre  of  the  lower  dots. 

(3)  A  third  source  of  error  arises  from  change  of  temperature 
influencing  the  indications.  In  most  of  the  instruments  hitherto 
made  I  have  found  that  the  warmth  of  the  hand  produces  in 
a  few  minutes  a  very  notable  augmentation  of  the  earth-reading 
(as  it  were  an  increased  charge  in  the  jar);  but  in  the  last 
instrument  which  I  have  tested  (White  No.  18)  I  find  the  reverse 
effect,  the  earth-reading  becoming  smaller  as  the  instrument  is 
warmed,  or  larger  when  it  is  cooled.  I  have  ascertained  that  these 
changes  are  not  due  to  changes  in  the  electric  capacities  of  the 
Leyden  jars ;  and  I  have  found  that  the  change,  if  any,  of  specific 
inductive  capacity  of  glass  by  change  of  temperature  is  excessively 
small,  in  comparison  to  what  would  be  required  to  account  for  the 
temperature  errors  of  these  instruments,  which  probably  must  be 
due  to  thermo-elastic  properties  of  the  platinum  wire,  or  of  the 
stretching-springs,  or  of  the  aluminium  balance-lever,  or  to  a 
combination  of  the  effects  depending  on  such  properties;  but 
I  have  endeavoured  in  vain,  for  several  years,  and  made  many 
experiments,  to  discover  the  precise  cause.  It  surely  will  be 
found,  and  means  invented  for  remedying  the  error,  now  that 
I  have  an  instrument  in  which  the  error  is  in  the  opposite 
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direction  to  that  of  most  of  the  other  instruments.  It  is  of  course 
much  greater  in  some  instruments  than  in  others:  in  some  it  is 
so  great  that  the  earth-reading  is  varied  by  as  much  as  twenty 
divisions  by  the  warmth  of  the  hand  in  the  course  of  five  or  ten 
minutes  after  commencing  to  use  the  instrument,  if  it  has  been 
previously  for  some  time  in  a  cold  place.  Its  influence  may  be 
eliminated,  not  quite  rigorously,  but  nearly  enough  so  for  most 
practical  purposes,  by  frequently  taking  earth-readings  (§  30)  and 
proceeding  according  to  the  directions  of  §  31. 

(4)  A  fourth  fault  in  the  portable  electrometer  is,  that  the 
diameter  of  the  guard-plate  and  upper  attracting-disk,  which 
ought  to  be  infinite,  are  not  sufficiently  great,  in  proportion  to 
the  greatest  distance  between  them,  to  render  the  scale  quite 
uniform  in  its  electric  value  throughout.  A  careful  observer, 
however,  will  remedy  the  greater  part  of  the  error  due  to  this 
defect,  by  measuring  experimentally  the  relative  (or  absolute) 
values  of  the  scale-division  in  different  parts  of  the  range.  There 
will,  however,  remain  uncorrected  some  irregularity,  due  to 
influence  of  the  distribution  of  electricity  over  the  uncoated  inner 
surface,  in  the  instruments  as  hitherto  made,  in  all  of  which  the 
inner  surface  of  the  jar  is  coated  with  tinfoil  only  below  the 
guard-plate,  so  that  the  upper  surface  of  the  guard-plate  may  be 
seen  clearly,  in  order  that  the  observer  may  always  see  that  all 
is  in  order  about  the  aluminium  square  and  aperture  round  it; 
and  particularly  that  there  are  no  injurious  shreds  or  minute 
fibres.  But  the  irregular  influence  of  the  electrification  of  the 
uncoated  glass,  if  found  sensible,  will  be  rendered  insensible 
by  continuing  the  tinfoil  coating  an  inch  above  the  upper  surface 
of  the  guard-plate. 

§  33.  All  faults,  except  the  temperature  error,  depend  on  the 
smallness  of  the  instrument ;  and  if  the  observer  chooses  to  regard 
as  portable  an  instrument  of  thirty  centimetres  (or  a  foot)  diameter, 
with  all  other  dimensions  and  all  details  of  construction  the  same 
as  those  of  the  instrument  described  above,  he  may  have  a  portable 
electrometer  practically  free  from  three  of  the  four  faults  described. 
But  it  is  scarcely  to  be  expected  that  a  small  instrument  (12^- 
centimetres  high,  and  8£  centimetres  in  diameter)  which  may  be 
carried  about  in  the  pocket  can  be  free  from  such  errors.  They 
are,  however,  so  far  remedied  as  to  be  probably  not  perceptible  in 
the  large  stationary  instrument  which  I  now  proceed  to  describe. 
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STANDARD  ELECTROMETER. 

§  34.  This  instrument  (figs.  12,  13,  and  14,  Plate  6)  differs 
from  the  portable  electrometer  only  in  dimensions,  and  in  certain 
mechanical  details,  which  are  arranged  to  give  greater  accuracy 
by  taking  advantage  of  freedom  from  the  exigencies  of  a  small 
portable  instrument.  It  is  at  present  called  the  standard  elec- 
trometer, in  anticipation  of  either  remedying  or  of  learning  to 
perfectly  allow  for  the  temperature  error,  and  of  finding  by  secular 
experiments  on  the  elasticity  of  metals  that  their  properties  used 
in  the  instrument  are  satisfactory  as  regards  the  permanence  from 
year  to  year,  and  from  century  to  century,  of  the  electric  value  of 
its  reading.  It  is  an  instrument  capable  of  being  applied  with 
great  ease  to  very  accurate  measurements  of  differences  of  potential, 
in  terms  of  its  own  unit.  The  value  of  the  unit  for  each  such 
standard  instrument  ought,  of  course,  to  be  determined  with  the 
greatest  possible  accuracy  in  absolute  measure  ;  and  until  con- 
fidence can  be  felt  as  to  its  secular  constancy,  determinations  should 
frequently  be  made  by  aid  of  the  absolute  electrometer. 

§  35.  The  Leyden  jar  of  the  standard  electrometer  consists 
of  a  large  thin  white-glass  shade  coated  inside  and  outside  to 
within  G  centimetres  of  its  lip,  and  placed  over  the  instrument  as 
an  ordinary  glass  shade,  to  protect  against  dust,  currents  of  air, 
and  change  of  atmosphere.  It  may  be  removed  at  pleasure  from 
the  cast-iron  sole  of  the  instrument,  and  then  the  interior  works  are 
seen,  consisting  of: — 

(1)  A  continuous  disk  of  brass  supported  on  a  glass  stem,  in 
prolongation  of  a  stout  brass  rod  or  tube  sliding  vertically  in  Vs, 
in  which  it  is  kept  by  a  spring,  and  resting  with  its  lower  flat  end 
on  the  upper  end  of  a  micrometer-screw  shaft,  shown  in  fig.  13, 
where  the  screw,  graduated  circle,  and  stout  brass  rod  are  as  seen 
in  the  instrument ;  the  perforated  brass  disk  (which  is  intended 
to  keep  the  round  upper  end  of  the  screw-shaft  in  position)  is 
shown  in  section  in  fig.  14. 

(2)  Resting   on  three  glass  columns,  a  guard-plate  with  a 
square   aperture   in    its   centre,  and   carrying   on    its   upperside 
stretching-springs    and    thin    platinum-wire    suspension    of    an* 
aluminium  balance-lever,  shaped  like  those  of  the  gauge  (§  13) 
and  the  portable  electrometer  (§  23)  already  described,  but  some- 
what larger.     The  tops  of  the  three  glass  columns  are  rounded ;  a 
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round  hole  and  a  short  slot  in  line  with  this  hole  are  cut  in  the 
guard-plate  and  receive  the  rounded  ends  of  two  of  the  columns, 
which  are  somewhat  longer  than  the  third.  The  flat  smooth  lower 
surface  of  the  guard-plate  rests  simply  on  the  top  of  the  third 
glass  column.  The  diameter  of  the  round  hole  and  the  breadth 

of  the  slot  in  the  guard-plate  may  be  about  —^  of  the  diameter 

of  curvature  of  the  upper  hemispherical  rounded  ends  of  the 
glass  column,  so  that  the  bearing  portions  of  the  rounded  ends  in 
the  round  hole  and  in  the  slot  respectively  may  be  inclined  some- 
where about  45°  to  the  plane  of  the  plate.  This  well-known  but- 
too  often  neglected  geometrical  arrangement  gives  perfect  steadi- 
ness to  the  supported  plate,  without  putting  any  transverse  strain 
upon  the  supporting  glass  columns,  such  as  was  almost  inevitable,, 
and  caused  the  breakage  of  many  glass  stems,  before  mental 
inertia  opposing  deviations  from  the  ordinary  instrument-maker's- 
plan  (of  screwing  the  guard-plate  to  brass  mountings  cemented  to 
the  tops  of  the  glass  columns)  was  overcome.  It  has  also  the 
advantage  of  allowing  the  guard-plate  to  be  lifted  off  and  replaced 
in  a  moment. 

(3)  Principal  electrode  projecting  downwards  through  a  hole 
in  the  sole  of  the  instrument,  and  rigidly  supported  from  above 
by  a  brass  mounting  cemented  to  the  top  of  a  thick  vertical  glass 
column,  connected  by  a  light  spiral  spring  with  the  lower  attract- 
ing-plate  moved  up  and  down  by  the  micrometer-screw.  The 
aperture  round  the  principal  electrode  may  be  ordinarily  stopped 
by  a  perforated  column  of  well-paraffined  vulcanite  projecting 
some  distance  above  and  below  the  aperture,  which  I  find  to 
insulate  extremely  well,  even  in  the  smoky,  dusty,  and  acidulated 
atmosphere  of  Glasgow.  When  an  extremely  perfect  insulation  of 
the  principal  electrode  and  connected  attracting-plate  is  required, 
the  vulcanite  stopper  surrounding  it  may  be  removed,  so  that  the 
only  communication  between  the  electrode  and  the  case  of  the 
instrument  may  be  along  the  two  glass  columns  in  the  artificially 
dried  interior  atmosphere  of  the  case ;  but  from  day  to  day,  when 
the  instrument  is  out  of  use,  the  aperture  round  the  principal 
electrode  should  be  kept  carefully  stopped,  if  not  by  a  vulcanite 
insulator,  by  a  perforated  cork  (although  I  find  but  little  loss  of 
insulation,  either  by  the  inner  glass  surface  of  the  Leyden  jar  or  by 
the  three  glass  columns,  when  this  precaution  is  neglected). 
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(4)  Temporary  charging-rod  supported  by  a  vertical  perforated 
column  of  paraffined   vulcanite,  or  a  glass  tube  well   varnished 
outside   and  thickly   paraffined   inside.     The   insulating   column 
bearing  this  charging-rod  is  turned  round  till  a  horizontal  spring 
projecting  from  its  upper  end  touches  the  inner  coating  of  the  jar, 
when  this  is  to  be  charged  from  an  independent  source,  or  when,  for 
any  other  experimental  reason,  it  is  to  be  put  in  connexion  with  a 
conductor  outside  the  case  of  the  instrument. 

(5)  A  small  replenisher  of  the  kind  described  for  the  quadrant 
electrometer  (§  12),  but  with  much  wider  air-spaces  to  prevent 
discharge  by  sparks. 

(6)  A  large  glass  or  lead  dish   to   hold  as  large   masses  of 
pumice  as  may  be,  which  are  to  be  kept  sufficiently  impregnated 
with  strong  sulphuric  acid. 

§  36.  A  considerable  portion  of  the  jar  above  the  guard-plate 
is  left  uncoated  to  allow  the  observer  to  see  easily  the  hair  and 
white  background  with  black  dots ;  also  several  other  smaller  parts 
of  the  glass  above  the  guard-plate  are  left  uncoated  to  admit  light 
to  allow  a  small  circular  level  on  the  upper  side  of  the  guard-plate 
to  be  seen.  The  long  arm  of  the  aluminium  balance-lever  is  very 
thoroughly  guarded  by  double  cages  and  fences  of  wire  (§  25),  so 
that  it  can  experience  no  sensible  influence  from  electric  disturbing 
forces  when  the  covering  jar  is  put  in  position  and  electric  con- 
nexion is  established  between  its  inner  coating  and  the  guard- 
plate  by  projecting  flexible  wires  or  slips  of  metal. 

§  37.  The  aluminium  square  plate  is  somewhat  larger  and 
the  platinum  bearing  wire  somewhat  longer  in  this  instrument 
than  in  the  portable  electrometer,  to  render  it  sensible  to  smaller 
differences  of  potential.  The  step  of  the  screw  is  the  same  as  in 
the  portable  (^  of  an  inch),  and  one  division  (TJff  of  the  circum- 
ference of  the  screw-head)  corresponds  to  a  difference  of  potentials 
which,  roughly  speaking,  is  equal  to  about  that  of  a  single  cell  of 
Daniell's.  The  effective  range  of  the  instrument  is  about  sixty 
turns  of  the  screw,  and  therefore  about  6000  cells  of  Daniell's; 
that  of  the  portable  electrometer  is  about  15  turns  of  the  screw 
(equivalent  to  about  1500  cells).  Neither  of  these  instruments 
has  sufficient  range  to  measure  the  potential  to  which  Leyden  jars 
are  charged  in  ordinary  electric  experiments,  or  those  reached  by 
the  prime  conductor  of  a  powerful  electric  machine.  The  sta- 
tionary instrument  with  its  long  screw  and  its  large  plates  now 
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described  would  go  far  towards  meeting  this  want  if  its  aluminium 
lever  and  platinum  suspension  were  made  on  the  same  scale  as 
those  of  the  portable  electrometer ;  but  for  an  instrument  never 
wanted  to  directly  measure  differences  of  potentials  of  less  than 
two  or  three  thousand  cells,  the  heterostatic  (§  40)  principle  is  in 
general  not  useful ;  and  therefore  I  have  constructed  the  following 
very  simple  idiostatic  (§  40)  instrument,  which  is  adapted  to 
measure  with  considerable  accuracy  differences  of  potential  from 
4000  cells  upwards  to  about  80,000  cells. 

LONG-RANGE  ELECTROMETER. 

§  38.  In  this  (fig.  15,  Plate  6)  the  continuous  attracting- 
plate  is  above,  and  the  guard-plate  with  aluminium  balance  below, 
as  in  the  portable  electrometer;  but,  as  in  the  standard  stationary 
electrometer,  the  upper  plate  is  fixed  and  the  lower  plate  is  moved 
up  and  down  by  a  micrometer-screw.  The  mechanism  of  the 
screw  and  slide  has  all  the  simplicity  and  consequent  accuracy 
of  that  of  the  standard  electrometer.  In  the  only  long-range 
instrument  yet  constructed  the  step  of  the  "screw  is  the  same  as 
that  of  the  others  (^  of  an  inch).  In  future  instruments  it 
would  be  well  either  to  have  a  longer  step  or  to  have  a  simple 
mechanism  (which  can  be  easily  added)  to  give  a  quick  motion, 
as  in  the  use  of  the  present  instrument  the  turning  of  the  screw 
required  for  great  changes  of  the  potential  measured  is  very 
tedious.  The  guard-plate  projects  by  more  than  an  inch  all 
round  beyond  the  rim  of  the  upper  attracting-plate — partly  to 
obviate  the  necessity  of  giving  it  a  thick  rim,  which  would  be 
required  to  prevent  brushes  and  sparks  originating  in  it  if  it 
had  only  the  same  diameter  as  the  continuous  plate  above,  and 
partly  to  guard  the  observer  from  receiving  a  spark  or  shock  in 
measuring  the  potential  of  an  electric  machine  or  of  a  Leyden 
battery,  and  to  prevent  the  hair  from  being  attracted  to  the 
upper  plate.  Thus  the  guard-plate  is  allowed  to  be  no  thicker 
than  suffices  for  stiffness ;  and  this  allows  the  observer  to  see  the 
hair  at  the  end  of  the  aluminium  balance-lever  without  the  lever 
being  made  of  a  dynamically  disadvantageous  shape,  as  would  be 
necessary  if  the  guard-plate  were  thick  or  had  a  thick  rim  added 
to  it.  No  glass  case  is  required  for  this  instrument.  The  small- 
ness  of  the  needle  and  the  greatness  of  the  electric  force  acting 
on  it  are  such  that  I  find  in  practice  no  disturbance  to  any 
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inconvenient  degree  by  ordinary  currents  of  air ;  although  it  and 
all  these  attracted  disk  instruments  show  the  influence  of  sudden 
change  of  barometric  pressure,  such  as  that  produced  by  opening 
or  shutting  a  door.  If  not  kept  under  a  glass  shade  when  out  of 
use,  the  lower  surface  of  the  upper  attracting-plate  and  the 
lower  surface  of  the  guard-plate  and  attracted  aluminium  square 
should  be  carefully  dusted  by  a  dry  cool  hand.  Generally  speaking, 
none  of  the  vital  electric  organs  of  an  electrometer  should  be 
touched  by  a  cloth,  as  this  is  almost  sure  to  leave  shreds  fatal  to 
their  healthy  action. 

§  39.  The  effective  range  of  this  instrument  is  about  200 
turns  of  the  screw ;  rather  greater  force  of  torsion  is  given  than 
in  the  portable  electrometer,  and  a  rather  smaller  attracted  disk 
may  be  used,  so  that  upwards  of  four  cells  may  be  the  electric  value 
of  one  division.  The  instrument  in  its  present  state  measures 
nearly,  but  not  quite,  the  highest  potential  I  can  ordinarily  produce 
in  the  conductor  of  a  good  Winter's  electric  machine,  which  some- 
times gives  sparks  and  brushes  a  foot  long. 

§  40.  The  classification  of  electrometers  given  above  is 
founded  on  the  shape  and  kinematic  relations  of  their  chief  organic 
parts ;  but  it  will  be  remarked  that  another  principle  of  classifica- 
tion is  presented  by  the  different  electric  systems  used  in  them, 
which  may  be  divided  into  two  classes : — 

I.  Idiostatic,  that  in  which  the  whole  electric  force  depends 
on  the  electrification  which  is  itself  the  subject  of  the  test. 

II.  Heterostatic,  in  which,  besides  the  electrification  to  be 
tested,  another  electrification  maintained  independently  of  it  is 
taken  advantage  of. 

Thus,  for  example,  the  long-range  electrometer  (§§  38,  39)  is 
simply  idiostatic  and  is  not  adapted  for  heterostatic  use ;  but 
each  of  them  may  be  used  idiostatically.  The  absolute  electro- 
meter was  at  first  simply  idiostatic  (§§  17-21);  more  recently  it 
has  been  used  heterostatically,  and  is  about  to  acquire  (§  22) 
special  organs  adapted  for  heterostatic  use ;  as  yet,  however,  no 
species  of  the  absolute  electrometer  promising  permanence  has 
come  into  existence. 

§  41.  It  is  instructive  to  trace  the  origin  of  various  hetero- 
static species  of  electrometers  by  natural  selection.  A  body 
hanging,  or  otherwise  symmetrically  balanced,  in  the  middle  of  a 
symmetrical  field  of  force,  but  free  to  move  in  one  direction  or  the 
other  in  a  line  tangential  to  a  line  of  force,  moves  in  one  direction 
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or  the  opposite  when  electrified  positively  or  negatively.  Bohnen- 
berger's  arrangement  of  this  kind  has  a  convenient  and  approxi- 
mately constant  field  of  force ;  and  his  instrument  was  chosen 
in  preference  to  others  which  may  have  been  equally  sensitive, 
but  were  less  convenient  and  constant,  and  it  became  a  permanent 
species. 

§  42.  Bennet's  gold-leaf  electroscope,  constructed  with  care 
to  secure  good  insulation,  electrified  sufficiently  to  produce  a 
moderate  divergence,  has  been  often  used  to  test,  by  aid  of  this 
electrification,  the  quality  of  the  electrification  of  an  electrified  body 
brought  into  the  neighbourhood  of  its  upper  projecting  electrode, 
causing,  if  its  elasticity  is  of  the  same  sign  as  that  of  the  gold 
leaves,  increase  of  divergence  ;  if  of  the  opposite  sign,  diminution. 
By  connecting  the  upper  electrode  with  the  inner  coating  of  a 
Ley  den  jar  with  internal  artificially  dried  atmosphere,  the  charge 
of  the  gold  leaves  may  be  made  to  last  with  little  loss  from  day 
to  day ;  and  by  insulating  Faraday's  metal  cage  (§  2)  round  the 
gold  leaves  and  alternately  connecting  it  with  the  earth  and  with 
a  conductor  whose  difference  of  potentials  from  the  earth  is  to  be 
tested,  an  increase  or  a  diminution  of  divergence  is  observed 
according  as  this  difference  is  negative  or  positive,  the  gold  leaves 
being  positive.  Hence  (through  Peltier's  and  Delmann's  forms) 
the  heterostatic  stationary  and  portable  repulsion  electrometers, 
described  in  the  Royal  Institution  Lecture  on  "Atmospheric 
Electricity "  and  in  Nichol's  Cyclopcedia,  article  "  Electricity, 
Atmospheric,"  already  referred  to,  of  which  one  species  still  sur- 
vives in  King's  College,  Nova  Scotia,  and  in  the  Natural  Philosophy 
Class-room  of  Edinburgh  Uni- 
versity. The  same  form  of  the 
heterostatic  principle  applied 
to  Snow  Harris's  attracted-disk 
electrometer  gave  the  portable 
and  standard  electrometers  de- 
scribed above. 

§  43.  A  modification  of 
Bohnenberger's  electroscope,  in 
which  the  two  knobs  on  the  two 
sides  of  the  hanging  gold  leaf 
became  transformed  into  halves 
of  a  circular  cylinder,  with  its  axis  horizontal  and  the  gold  leaf 
hung  on  a  wire  insulated  in  a  position  coinciding  with  its  axis, 
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producing  a  species  designed  for  telegraphic  purposes,  but  which 
did  not  acquire  permanence  by  natural  selection,  and  is  only 
known  to  exist  in  one  fossil  specimen.  In  this  instrument  the 
wire  bearing  the  gold  leaf  was  connected  with  a  charged  Leyden  jar, 
and  the  semicylinders  with  the  bodies  whose  difference  of  potential 
was  to  be  tested.  But  various  modifications  of  the  divided- 
cylinder  or  divided-ring  class  with  the  axis  vertical  and  plane  of 
motion  horizontal  have  done  some  practical  work,  and  one 
species,  the  new  quadrant  electrometer  (§  6),  promises  to  become 
permanent. 

§  44.  The  heterostatic  principle  in  one  form  or  other  is 
essential  to  distinguish  between  positive  and  negative.  As  re- 
marked above  (§  42),  the  original  type  of  this  use  of  it  is  to  be 
found  in  the  old  system  of  testing  the  quality  of  the  charge  taken 
by  the  diverging  straws  or  gold  leaves  of  the  electroscopes  used 
for  the  observation  of  atmospheric  electricity,  which  was  done  by 
bringing  a  piece  of  rubbed  sealing-wax  into  the  neighbourhood, 
and  observing  whether  this  caused  increase  or  diminution  of  the 
divergence.  A  doubt  which  still  exists  as  to  the  sign*  of  the 
atmospheric  electricity  observed  by  Professor  Piazzi  Smyth  on 
the  Peak  of  Teneriffe,  is  owing  to  the  imperfection  of  this  way  of 
applying  the  principle.  It  is,  indeed,  to  be  doubted  in  any  one 
instance  whether  it  is  not  vitreous  electricity  that  the  rubbed 
sealing-wax  acquires ;  and,  again  (§  2),  it  is  not  certain  that  the 
glass  case  enclosing  the  gold  leaves,  especially  if  very  clean  and 
surrounded  by  a  very  dry  natural  atmosphere,  screens  them  suffi- 
ciently from  direct  influence  of  the  piece  of  sealing-wax  to  make 
sure  that  the  divergence  due  to  vitreous  electricity  could  not  be 
increased  by  the  presence  of  the  resinously  electrified  sealing-wax 
if  held  nearer  the  gold  leaves  than  the  upper  projecting  stem. 

§  45.  The  heterostatic  principle  has  a  very  great  advantage 
as  regards  sensibility  over  any  simple  idiostatic  arrangement,  inas- 
much as,  for  infinitely  small  differences  of  potential  to  be  measured, 
the  force  is  as  the  squares  of  the  differences  in  any  idiostatic 
arrangement,  but  is  simply  proportional  to  the  difference  in  every 
heterostatic  arrangement. 

*  Nichol's  Cyclopcedia,  article  "  Electricity,  Atmospheric,"  edition  1860. 
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VI.  Determination  of  the  Dynamical  Equivalent  of  Heat  from  the 
thermal  effects  of  Electric  Currents.  By  J.  P.  JOULE,  D.C.L., 
F.R.S.,  etc. 

Sir  W.  Thomson,  as  long  ago  as  1851,  showed  that  it  was 
desirable  to  make  experiments  such  as  are  the  subject  of  the 
present  paper.  They  have  necessarily  been  delayed  until  a  suffi- 
ciently accurate  method  of  measuring  resistance  was  discovered. 
Such  a  method  having  been  described  by  Sir  William,  and  carried 
out  into  practice  by  Professor  C.  Maxwell  and  his  able  coadjutors, 
the  task  assigned  to  me  by  the  Committee  of  Electric  Standards 
was  comparatively  simple. 

My  experiments  were  commenced  nearly  two  years  ago,  and 
the  apparent  ease  with  which  they  could  be  executed  gave 
promise  of  their  early  completion.  It  was,  however,  found  essen- 
tial that  careful  observations  of  the  earth's  horizontal  magnetic 
intensity  should  be  frequently  made,  and  these  required  the  con- 
struction of  apparatus  whereby  this  element  could  be  determined 
with  accuracy  and  rapidity. 

The  apparatus  finally  adopted  for  this  purpose  consists  of  a 
suspended  horizontal  fiat  coil  of  wire  between  two  fixed  similar 
coils.  A  current  of  electricity  can  be  made  to  traverse  all  three, 
communication  with  the  suspended  coil  being  made  by  the 
suspending  wires  themselves  according  to  Sir  W.  Thomson's  plan. 
The  strength  of  a  current  is  found  by  observing  the  sum  of  the 
forces  of  attraction  and  repulsion  by  which  the  suspended  coil  is 
urged.  The  strength  of  a  current  can  in  this  manner  be  deter- 
mined in  absolute  measure ;  for  the  area  of  each  of  the  three 
equal  coils  being  called  a,  the  weight  required  to  counterpoise  the 
force  with  which  the  suspended  one  is  urged  w,  the  force  of 
gravity  g,  and  the  length  of  wire  in  each  of  the  coils  I,  the 

current  c  =  777  A  /  -^—  (1  +  correction),  the  correction  being  prin- 

Ll    V          7T 

cipally  due  to  the  distance  between  the  fixed  coils.  In  my  instru- 
ment, in  which  this  distance  is  1  inch,  the  diameter  of  the  coils 
being  12  inches  and  their  interior  core  4  inches,  this  correction 
was  proved  by  experiment  to  be  *1185. 

There  was,  however,  considerable  difficulty  in  obtaining  an  exact 
measure  of  the  distance  between  the  fixed  coils;  and  I  therefore 
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judged  that  the  measure  of  the  currents  used  in  the  experi- 
ments would  be  most  accurately  obtained  by  means  of  a  tangent 
galvanometer,  the  above-described  current-meter  being  employed 
to  determine  the  horizontal  intensity. 

This  determination  was  effected  as  follows:  —  Many  careful 
observations  of  the  horizontal  intensity  by  an  improved  method 
on  Gauss  and  Weber's  system  were  made  alternately  with  obser- 
vations of  the  deflections  of  a  tangent  galvanometer  and  the 
weighings  of  the  current-meter  when  the  same  currents  traversed 
both  instruments  in  succession.  Then  calling  the  horizontal  in- 
tensity H,  the  angle  of  deflection  9,  and  the  weighing  w,  there 

was  obtained  a  constant  c  =  —  -=  —  =  0*17676.     Hence  with  these 

_  NW 

„     0-17676  Vw 
instruments  H= 


~ 
tan# 

The  experiments  for  the  determinations  of  horizontal  intensity 
by  the  use  of  this  formula  could  be  effected  in  a  few  minutes,  and 
did  not  require  an  alteration  in  the  disposition  of  any  part  of  the 
apparatus.  It  was  satisfactory  to  find  that,  although  the  presence 
of  masses  of  iron  at  only  a  few  yards  distance  made  the  field  in 
which  I  worked  considerably  more  intense  than  that  due  to  the 
latitude,  and  although  I  worked  at  different  times  of  the  day, 
the  highest  intensity,  out  of  upwards  of  seventy  observations 
distributed  over  a  year,  was  3'6853,  and  the  lowest  3'6607,  in- 
dicating a  much  greater  degree  of  constancy  than  might  have 
been  expected. 

The  galvanometer  above  mentioned  was  that  employed  in  the 
thermal  experiments.  It  had  a  single  circle  of  T^-inch  copper 
wire,  the  diameter  of  which,  being  measured  in  many  places  by  a 
standard  rule,  gave  a  radius  of  0*62723  of  a  foot.  The  needle  was 
half  an  inch  long,  and  furnished  with  a  glass  pointer  traversing  a 
divided  circle  of  6  inches  diameter.  In  the  experiments  the 
deflections  were  not  far  from  26°  34',  the  angle  at  which  the 
influence  of  the  length  of  the  needle  within  certain  limits  is 
inappreciable.  It  was  easy  by  a  magnifier,  arranged  so  as  to  avoid 
parallax,  to  read  to  one  minute.  The  torsion  of  the  fibre  gave 
only  3'*5  for  an  entire  twist.  The  trifling  correction  thus  required 
is  applied  to  the  recorded  observations  of  deflection. 

The  calorimeter  first  used  was  a  copper  vessel  upwards  of  a 
gallon  in  capacity,  filled  with  distilled  water.  It  had  a  conical 
B.  A.  17 


258  PRACTICAL    STANDARDS 

lid,  attached  by  screws,  in  which  were  two  tubulures,  one  for  the 
introduction  of  a  copper  stirrer,  the  other  for  the  thermometer, 
around  the  immersed  stem  of  which  a  wire  of  platinum  silver, 
having  a  resistance  nearly  equal  to  that  of  the  Association  unit, 
was  coiled. 

The  resistance  of  the  wire  was  found  by  comparing  it  with  the 
Association  unit,  sent  me  by  the  Committee,  using  Ohm's  formula, 

ri    ,rt  _  n  \ 

R  =  _2  (  -J  —  ~  j,  where  C3,C2)  and  Cl  are  the  tangents  of  deflection 
t>i  ws  —  C/t/ 

with  the  battery  and  connexions  only  with  these  and  the  unit  and 
with  the  coil  respectively.  This,  though  by  no  means  so  delicate 
a  method  as  that  of  the  Wheatstone  balance  improved  by  Thomson, 
was  able  to  give  a  final  result  certainly  accurate  to  the  two- 
thousandth  part.  The  results  for  the  resistance  of  the  coil  in  the 
first  series  of  experiments  are  as  follows.  They  were  obtained 
before  and  after  those  experiments.  A  large  galvanic  cell,  con- 
sisting of  cast  iron  and  amalgamated  zinc  plunged  in  dilute 
sulphuric  acid,  was  the  source  of  electricity,  which  was  measured 
by  a  galvanometer  with  a  coil  of  nine  turns,  17  inches  in 
diameter. 


Ci 

of  unit 

tan  55    6'75     tan  28  18        tan  28    1-3  637  62-65  1-01901 

tan  59  32-5       tan  32  39  '6     tan  32  22  59'24  58'39  1-01825 

The  average  resistance  1*01863  being  reduced  from  the  tem- 
perature 14°  -5  Cent.,  at  which  the  unit  was  adjusted,  to  69°  '9 
Fahr.,  the  average  temperature  of  the  calorimeter  in  the  first 
series  of  experiments,  becomes  1*0191,  which,  multiplied  by 
32808990,  gives  33435640  as  the  resistance  in  British  absolute 
measure*. 

A  delicate  thermometer  was  placed  at  a  few  inches  distance 
from  the  calorimeter,  for  the  purpose  of  registering  the  temperature 
of  the  air.  In  the  Tables  its  indications  are  reduced  to  the  scale 
of  the  instrument  plunged  in  the  calorimeter.  A  string  attached 

*  Note  added  in  1911  :  The  resistance  is  expressed  in  terms  of  the  foot  and  the 
second.     Written  fully  the  conversion  is 


1-0191  ohm=      3Q.±8~—  =  32808990. 
(30 -48  cm.  =  1  foot.) 
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the  handle  of  the  stirrer  to  a  stick,  so  that  the  water  could  be 
effectually  stirred  without  communicating  the  heat  of  the  hand. 
A  wooden  screen  separated  the  observer  from  the  apparatus. 

In  the  experiments  of  the  first  series  a  battery  of  five  large 
Daniell's  cells,  arranged  in  series,  transmitted  the  current  through 
the  coil  for  40  minutes  exactly,  determined  by  chronometer. 
During  this  time  twenty-eight  observations  of  deflection  were 
obtained,  seven  at  each  end  of  the  pointer  directed  N.E.  and  S.W., 
and  seven  when  it  was  directed  N.W.  and  S.E.  by  reversing  the 
current  in  the  galvanometer  for  the  latter  half  of  the  time.  The 
water  was  stirred  twenty-eight  times.  Its  temperature  was  taken 
at  the  beginning,  middle,  and  end  of  an  experiment.  There  were 
also  fourteen  observations  of  the  temperature  of  the  air. 

Immediately  after  each  experiment  the  horizontal  intensity  of 
magnetic  force  was  obtained  by  observing  the  deflection  of  the 
galvanometer  and  the  weighing  of  the  current-meter  produced  by 
the  same  current. 

Before  and  after  each  experiment,  two  others  were  made  in 
precisely  the  same  manner,  but  excepting  the  current,  in  order  to 
discover  the  influence  of  radiation  and  the  conducting  power  of 
the  atmosphere. 


First  Series  of  Thermal  Experiments. 


Date 

Deflection 

tan2 
Deflection 

Temperature 
of  air 

Temperature 
of  water 

llise  of 
temperature 

Horizontal 
intensity 

1866 

o       / 

Aug.  22.. 

32  46-86 

•414719 

492-36* 

497'42 

23-55 

3-6763 

„      23.. 

34    0-29 

•455133 

494-77 

493-27 

25-65 

3-6815 

Sept.    8.. 

32  24-83 

•403156 

400-4 

401-8 

22-8 

„      10.. 

31  50-22 

•385542 

441-11 

433-85 

22-214 

3-6737 

„      11.. 

31  31-02 

•376024 

367-0 

392-89 

18-51 

3-6758 

„      12.. 

31  14-42 

•367944 

344-33 

344-45 

21-9 

3-6656 

„      13.. 

30  57-51 

•359850 

361-54 

358-47 

20-95 

3-6671 

„      15.. 

30  24-86 

•344607 

346-7 

330-01 

21-98 

3-6638 

„      15.. 

30  20-51 

•342610 

381-41 

367-56 

21-07 

3-6711 

„      18.. 

30  34-34 

•348982 

342-64 

324-32 

22-29 

3-6607 

Average 

•379857 

397-226 

394  '406 

22-0914 

3-67073 

*  12-951  divisions  of  the  thermometer  are  equivalent  to  1°  F. 

17—2 
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First  Series  of  Radiation  Experiments. 


Date 

Temperature 
of  air 

Temperature 
of  water 

Rise  of 
temperature 
of  water 

1866 
Aug    22... 

495-93 

469'14 

2-88 

Aug.  23... 

502-22 
476*37 

477-83 
458'96 

3-15 

3-08 

490-81 

499-22 

-0'55 

Sept.    8  

393-5 

38275 

2-0 

Sept.  10  

395-82 
444-31 

414-15 
419-4 

-1-7 
2-9 

Sept.  11  

437-15 
373-07 

396-96 
384-72 

4-83 
-0-63 

367-14 

391-76 

-1-75 

Sept.  12  

334-0 

332-42 

0'44 

365-34 

360-2 

1-6 

Sept  13 

352-82 

343-11 

1'83 

Sept.  15  

366-65 
330-78 
381-47 

369-16 
315-41 
34714 

-0-08 
2-78 
3-72 

378*93 

350'67 

3-34 

Sept.  18  

55              

381-05 
326-99 
339-9 

379-51 
309-28 
338-35 

0-22 
2-55 
0-04 

Average  

373-058 

364-686 

1-3806 

In  applying  the  preceding  Table  for  the  purpose  of  correcting 
the  results  of  the  thermal  experiments,  it  must  be  first  observed 
that  the  external  influences  on  the  calorimeter  are  not  zero  when 
the  temperature  of  the  air-thermometer  coincides  with  the  in- 
dication of  that  immersed  in  the  calorimeter.  This  might  arise 
partly  from  the  locality  of  the  two  instruments  not  being  the 
same,  but  was,  I  found,  principally  owing  to  the  different  radiating 
and  absorbing  powers  of  the  air- thermometer  bulb  and  "of  the 
surface  of  the  calorimeter.  Taking,  then,  the  number  of  instances 
in  which  the  temperature  of  the  air  appeared  to  exceed  that  of  the 
water,  there  are  fifteen,  with  a  total  excess  of  259*63  and  a  re- 
sulting gain  of  temperature  of  35*36 ;  also  those  in  which  the  air 
appeared  to  be  colder  than  the  water  were  five,  giving  a  total 
deficiency  of  65'5  with  a  loss  of  temperature  4'7l.  Hence 

65-5  -  ox     259-63  +  I5x 


4-71 


35-36 
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whence  x—  4*418,  which  must  be  added  to  the  indications  of  the 
thermometer  registering  the  temperature  of  the  air.  After  this 
correction  has  been  made,  it  will  be  found  that  the  effect  of  a 
difference  of  temperature  between  the  air  and  water  of  9*216  is 
unity. 

4-418  added  to  397*226  gives  401*644  for  the  corrected  tem- 
perature of  the  air  in  the  thermal  experiments  ;  and  this  being 
7*238  in  excess  of  the  temperature  of  the  calorimeter,  the  corrected 
thermal  effect  will  be 


22*0914  -  =  21-306, 


which,  after  applying  the  needful  correction  for  the  immersed 
portion  of  the  thermometer-stem,  becomes  ultimately  21*326. 

The  thermal  capacity  of  the  calorimeter  was  made  up  of 
95525  grains  of  distilled  water,  26220  grains  of  copper,  equivalent 
to  2501  grains  of  water,  and  the  thermometer  and  coil  equivalent 
to  80  grains,  giving  a  total  capacity  equal  to  98106  grains  of 
water.  12*951  divisions  of  the  thermometer  are  equivalent  to  one 
degree  Fahr. 

The  dynamical  equivalent  is  the  quotient  of  the  work  done  by 
the  thermal  effect,  or 

k    „}• 

2^! 


T 

OO  ]  2 

^  x  3-67073  ^  x  -379857  x  33435640  x  2400 

:  -  =  25335  «. 


It  appeared  to  be  desirable  to  diminish  the  atmospheric 
influence;  I  therefore  commenced  a  second  series,  in  which  the 
calorimeter  was  covered  with  two  folds  of  cotton  wadding.  The 
bulb  of  the  air-registering  thermometer  was  also  placed  in  a  small 
bag  made  of  the  same  material.  In  this  fresh  series  each  ex- 
periment occupied  one  hour,  as  I  had  learned  by  experience  that 
with  my  battery  arrangement  the  current  would  be  sufficiently 
uniform.  In  fact  the  highest  reading  in  an  experiment  was  not 

*  Note  (1911)  :  The  units  are  the  foot,  the  grain,  and  the  second,  with  the  degree 
Fahrenheit.     In  C.G.S.  measure  and  the  degree  Centigrade,  the  value  becomes:  — 
25335  x  9/5  x  (3(M8)2  =  42-366  x  106. 
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more  than  •£$  higher  than  the  lowest.  There  were,  evenly  dis- 
tributed through  the  hour,  forty  observations  of  deflection,  twenty 
of  the  air,  and  three  of  the  water-thermometer ;  and  the  water 
was  stirred  forty  times.  Two  minutes  were  allowed  for  the 
complete  equalization  of  temperature  previous  to  the  final  thermo- 
meter reading.  The  experiments  on  radiation  were  also  similarly 
extended. 

The  coil  was  the  same  as  that  used  in  the  first  series ;  it  had  a 
coat  of  shellac  varnish.  Five  determinations  of  its  resistance  were 
made,  using  a  single  Daniell's  cell  with  various  resistances  in- 
cluded in  the  circuit.  The  galvanometer  had  a  coil  17  inches  in 
diameter  consisting  of  nine  turns.  The  results  are  as  follow : — 


C3 

c, 

Ci 

Temperature 
of  unit 

Temperature 
of  coil 

Resistance  of 
coil  in  terms 
of  unit 

tan  79  39'5 
tan  71  39-5 
tan  70  16 
tan  71  54*33 

tan  52  33  -3 

tan  47  17  -06 
tan  46  18-11 
tan  47    7  '66 

tan  5°2  9  '3 
tan  46  55  "6 
tan  45  57-4 
tan  46  45  '93 

59-25 
48-6 
54-68 

58-6 
48-5 
57-4 

1-0192 
1-0198 
1-0194 
1-0198 

tan  62  6 

tan  41  30-43 

tan  41  13  '46 

1-0187 

Average    ... 









1-01938 

The  average  temperature  of  the  calorimeter  in  the  experiments 
being  13°  "55  Cent.,  and  that  at  which  the  unit  was  adjusted  14° -5, 
the  resistance  during  the  experiments  must  have  been  1 '01 906, 
which  is  equal  to  33434330  in  British  measure. 

The  correction  to  be  applied  to  the  thermometer  immersed  in 
air  as  deduced  from  the  above  Table  is  given  by 

123-66  -  12#     356-65  +  18a? 


12-74 


30-99 


whence  #  =  — 1*1835.  It  appears  also  that  a  difference  between 
the  temperatures  of  the  calorimeter  and  air-registering  thermo- 
meter so  corrected,  equal  to  10'822,  gives  the  unit  effect  on  the 
former. 

Hence  the  corrected  indication  of  the  air-thermometer  in  the 
second  series  of  thermal  experiments  will  be 

349-63  - 11835  =  348-4465. 
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This  being  12*5345  in  excess  of  the  temperature  of  the  calori- 
meter, the  corrected  thermal  effect  will  be 

12-5345 


25-65- 


24-4917, 


10-822 

which,  after  a  small  further  correction  for  the  immersed  stem, 
becomes  24-512. 

The  thermal  capacity  in  this  second  series  was  made  up  of 
95561  grains  distilled  water,  copper  as  water  2501,  thermometer 
and  coil  as  water  80,  and  cotton-wool  as  water  200  grs.,  giving  a 
total  of  98342  grains. 

The  equivalent,  as  deduced  from  the  second  series,  is  therefore 


x  3-6656     x  -292946  x  33434330  x  3600 


25366. 


The  equivalents  obtained  in  the  two  foregoing  series  of  ex- 
periments are  as  much  as  one-fiftieth  in  excess  of  the  equivalent 
I  obtained  in  1849  by  agitating  water.  I  therefore  instituted  a 
strict  inquiry  with  a  view  to  discover  any  causes  of  error,  so  that 

Second  Series  of  Thermal  Experiments. 


Date 

Deflection 

tan2 
Deflection 

Temperature 
of  air 

Temperature 
of  water 

Rise  of 
temperature 

Horizontal 
intensity 

1866 

o       / 

Sept.  21... 

2951-68 

•329623 

397-4 

363-42 

30-38 

3-6668 

„     22... 

28  58-4 

•306585          362-51 

348-06 

26-95 

3-6707 

„     25... 

29  14-63 

•313472  ;       345-19 

386-94 

29-75 

3-6724 

„      26... 

29  51-46 

•329525  !       370  '84 

350-64 

29-92 

3-6644 

„     27... 

28  54-78 

•305064 

365-91 

361-71 

25-88 

3-6665 

Oct.     5... 

29    5-05 

•309393 

380-66 

387-57 

24-90 

3-6612 

„       6... 

28  22-54 

•291761 

426-55 

392-77 

27-40 

3-6688 

„       8... 

28    8-74 

•286198 

338-49 

335-54 

24-04 

3-6595 

„      19... 

28  42-81 

•300074 

398-56 

332-35 

31-08 

3-6659 

„     20... 

27  40-13 

•274910 

395-18 

361  -90 

26-08 

3-6654 

„      22... 

26  40-5 

•252409 

371-72 

388-63 

19-12 

3-6702 

„     23... 

27  28-1 

•270252 

320-07 

318-09 

22-55 

3-6638 

„      25... 

27    9-63 

•263230 

275-65 

286-25 

20-98 

3-6620 

„      26... 

27  42-56 

•275855 

249-75 

257-54 

22-15 

3-6623 

„      27... 

28    7-84 

•285838 

245-96 

247-27 

23-57 

3-6641 

Average... 



•292946 

349-63 

335-912 

25-65 

3-6656 
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Second  Series  of  Radiation  Experiments. 


Date 

Temperature 
of  air 

Temperature 
of  water 

Rise  of 
temperature 
of  water 

1866 

Sept.  21. 

378-84 

344-95 

3-0 

55       • 

39013 

381-34 

0-32 

Sept.  22. 

326-32 

334-37 

-0-43 

»5 

360-71 

361-13 

-0-41 

Sept.  25. 

330-67 

287-94 

4-05 

»5 

347-56 

326-13 

1-59 

Sept.  26. 

352-15 

333-12 

2-12 

55 

377-56 

368-12 

0-70 

Sept.  27. 

355-81 

347-9 

0-74 

55       • 

388-0 

375-69 

1-31 

Oct.      5. 

376-9 

375-04 

o- 

5)              ' 

385-8 

396-95 

-1-15 

Oct.      6. 

402-94 

376-47 

2-13 

55 

433-28 

411-33 

1-52 

Oct.      8. 

319-5 

323-51 

-0-29 

JJ 

356-02 

347-79 

0-33 

Oct.    19. 

365-08 

303-94 

5-95 

55              * 

398-49 

356-29 

3-57 

Oct.    20. 

357-9 

344-01 

1-61 

» 

395-66 

377-40 

1-43 

Oct.    22. 

371-24 

380-45 

-0-95 

)5 

362-7 

392-44 

-3-18 

Oct.    23. 

297-96 

305-0 

-0-50 

J5              * 

334-07 

329-05 

0-5 

Oct.   25. 

261-67 

277-01 

-1-26 

?5 

277-59 

294-31 

-1-86 

Oct.    26. 

233-31 

247-61 

-1-40 

55              * 

264-37 

265-97 

-0-66 

Oct.    27. 

237-05 

234-85 

o-i 

55             • 

251-15 

257-24 

-0-65 

Average  

343-011 

335-245 

0-6083 

they  might  be  avoided  in  a  fresh  series.  The  most  probable 
source  of  error  seems  to  be  insufficient  stirring  of  the  water  of  the 
calorimeter.  Although  agitated  so  frequently  as  forty  times  in 
the  hour,  there  could  be  no  doubt  that,  during  any  intervals  of 
comparative  rest,  a  current  of  heated  water  would  ascend  from  the 
coil,  and  that  if  a  thin  stratum  of  it  remained  any  time  at  the  top? 
some  loss  of  heat  would  result.  I  resolved  therefore  to  use  a 
fresh  calorimeter,  and  to  introduce  into  it  a  stirrer  which  could  be 
kept  in  constant  motion  by  clockwork. 

Another  source  of  error  which,  though   it   would   be  finally 
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eliminated  by  frequent  repetition  of  the  experiments,  it  seemed  to 
be  desirable  to  avoid,  was  the  hygrometric  quality  of  the  cotton- 
wool which  enveloped  the  calorimeter  in  the  second  series  of 
experiments.  I  therefore  sought  for  a  material  which  did  not 
present  that  inconvenience.  The  plan  finally  adopted  was  to 
cover  the  calorimeter  first  with  tinfoil,  to  place  over  that  two 
layers  of  silk  net  (tulle),  and  to  finish  with  a  second  envelope  of 
tinfoil. 

A  third  source  of  possible  error  was  the  circumstance  that  the 
silver-platinum  alloy,  when  made  positively  electrical  in  distilled 
water,  is  slowly  acted  upon,  an  oxide  of  silver  as  a  bluish-white 
cloud  arising  from  the  metal,  while  hydrogen  escapes  from  the 
negative  electrode.  On  this  account  the  coil  in  the  experiments 
of  the  last  series,  as  well  as  the  subsequent,  was  well  varnished. 
But  it  was  found  at  the  conclusion  of  the  experiments  that  the 
varnish  had  in  a  great  measure  lost  its  protecting  power.  This 
circumstance  gave  me  considerable  anxiety:  I  was,  however, 
ultimately  able,  by  the  following  facts  arrived  at  after  the  thermal 
experiments  were  completed,  to  satisfy  myself  that  no  perceptible 
influence  had  been  produced  by  it  on  the  results : — 

1st.  The  resistance  of  the  coils,  after  long-continued  use  had 
deteriorated  the  varnish,  was  not  sensibly  less  than  it  was  after 
they  had  been  freshly  varnished. 

2nd.  The  coil  of  the  3rd  series  (p.  267)  was,  in  the  unprotected 
state,  immersed  in  distilled  water,  and  compared  with  many  hundred 
yards  of  thick  copper  wire,  unimmersed,  having  nearly  equal 
resistance.  The  result  showed  that  the  resistance  to  the  current 
was  sensibly  the  same  whether  a  single  cell  or  five  cells  of  Daniell 
in  a  series  were  used.  Now,  had  any  considerable  leakage  by 
electrolytic  action  taken  place,  it  would  have  been  very  much  less 
in  proportion  in  the  former  than  in  the  latter  instance. 

3rd.  When  the  coils  of  the  second  and  third  series,  in  the  un- 
protected state,  were  placed  in  distilled  water,  and  made  the 
electrodes  of  a  battery  of  five  cells,  the  deflection  was  40'  of  a 
degree  on  a  galvanometer  with  a  coil  of  17  inches  diameter  com- 
posed of  18  turns  of  wire.  This  deflection  indicates  a  current  of 
about  jjg-  of  the  average  current  in  the  thermal  experiments.  In 
this  case  the  chemical  action  was  distinctly  visible,  but  quite 
ceased  to  be  so  when  the  electrodes  were  connected  by  a  wire  of 
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unit  resistance,  so  as  to  reduce  the  potential  to  that  in  the 
thermal  experiments. 

4th.  The  coil  of  No.  2  series  being  used  as  a  standard,  that 
of  No.  3  series,  in  the  unprotected  condition,  was  immersed,  first 
in  water,  then  in  oil.  The  resistance  to  the  current  of  five 
Daniell's  cells  was  found  to  be  sensibly  equal  in  the  two  cases. 

Hence  there  could  be  no  doubt  that  the  loss  of  heat  during 
the  experiments  by  electrolytic  action  could  not  possibly  in  any 
instance  have  been  so  great  as  one-thousandth  of  the  entire  effect, 
and  was  probably  not  one-quarter  of  that  small  quantity ;  whilst 
in  the  larger  number  of  experiments,  when  the  varnish  was  fresh, 
it  must  have  been  nil. 

The  coil  used  in  the  third  series  of  experiments  was  made  by 
bending  four  yards  of  platinum-silver  wire  double,  and  then  coiling 
it  into  a  spiral,  which  was  supported  and  kept  in  shape  by  being 
tied  with  silk  thread  to  a  thin  glass  tube.  The  terminals  were 
thick  copper  wires,  and  the  whole  was  coated  with  shellac  and 
mastic  varnish.  The  following  results  were  obtained  for  its  re- 
sistance. In  the  first  three  trials  the  current  was  measured  by  a 
galvanometer  with  a  circle  of  nine  turns  17  inches  diameter,  and 
in  the  last  six  with  an  instrument  with  eighteen  turns  of  wire. 
In  the  first  six  there  was  an  extra  unit  of  resistance  included  in 
the  circuit : — 


Battery 

Unit 

£3 

C2 

cl 

Temp, 
of 
unit 

Temp, 
of 
coil 

Resist- 
ance in 
terms  of 
my  unit 

Oriecell,Daniell 
Ditto  

Mine  ... 

tan  52  53 
tan  52  24'12 

tan  37    3'15 
tan  36  29  '02 

tan  37  1O6 
tan  36  37*27 

63-27 
59-03 

62-78 
60-07 

•98963 
•98823 

Ditto  

Jenkin's 

tan  52    3  '62 

tan  36    6'45 

tan  36  14*79 

60-88 

60-57 

•98752 

Daniell's  cell.] 
Positive        V 
metal  iron    J 
Ditto  . 

,,      ... 
Mine 

tan  50  25-8 
tan  49  '48-12 

tan  35  21  '88 
tan  34  57  '36 

tan  35  29'27 
tan  35    5  '62 

59-78 
60-03 

60-46 
60-30 

•98818 
•98754 

Ditto 

tan  48  17  '62 

tan  34    5  '48 

tan  34  12'24 

60-50 

60-88 

•98816 

Ditto 

tan  75  28 

tan  49  58*6 

tan  50  11-98 

61-27 

61-08 

•98863 

Ditto 

Jenkin's 

tan  75  17  '25 

tan  49  44*93 

tan  49  57*51 

61-96 

61-27 

•98871 

Ditto  ... 

Mine  ... 

tan  75  59*6 

tan  49  18  -97 

tan  49  33  '08 

69-35 

70-28 

•98820 

Average  

•98831 
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Third  Series  of  Thermal  Experiments. 
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Date 

Deflection 

tan2 
Deflection 

Tempera- 
ture of 
air 

Tempera- 
ture of 
water 

Rise  of 
tempera- 
ture 

Fall  of 
weight 

1867 

in. 

June  28,  12.54P.M. 

28  18-25 

•290024 

488-660 

494-17 

25-1 

30 

„  28,  5.36 

30  56-37 

•359310 

534-155 

524-214 

32-08 

26 

„  29,  1.30 

28  55-45 

•305345 

509-172 

490-13 

27-82 

27 

July  1,  10.30A.M. 

29  41-1 

•324949 

428-81 

425-67 

28-52 

27 

„   1,  4.24P.M. 

30  19-4 

•342107 

508-78 

467-214 

33-05 

26 

„   2,  12.45 

30  10-12 

•337891 

405-343 

450-73 

25-13 

26 

„   2,  6.0 

30  30-98 

•347424 

401-822 

458-104 

24-99 

28 

„   4,  1.20 

31  23-4 

•372299 

516-992 

452-97 

57-98 

27 

„   20,  11.11A.M. 

30  21-72 

•343170 

385-622 

394-0 

28-98 

28 

„  20,  3.45P.M. 

31  37-55 

•379241 

454-19 

430-97 

34-92 

28 

„  22,  12.36 

32  0-6 

•390765 

482-44 

460-621 

35-48 

30-5 

„  22,  5.21 

32  23-47 

•402470 

493-087 

498-573 

34-47 

28-4 

„   23,  1.7 

31  18-43 

•369881 

465-238 

473-167 

31-27 

28-7 

„  24,11.0  A.M. 

31  4-75 

•363299 

430-688 

448-043 

30-24 

27-9 

„  24,  4.5  P.M. 

30  49-15 

•355900 

439-007 

470-954 

28-14 

28-2 

„   25,  12.15 

32  39-5 

•410832 

465-354 

432-45 

38-48 

29-4 

„   25,  4.55 

33  10 

•427129 

521-569 

486-049 

39-72 

28-4 

„  26,  12.58 

32  33-95 

•407920 

445-009 

464-267 

33-61 

30 

„  27,11.13A.M. 

33  1-6 

•422590 

391-0 

419-21 

34-46 

30 

„  27,  4.14P.M. 

32  58-22 

•420777 

418-11 

446-623 

34-09 

29-4 

Aug.  2,12.31 

31  52-98 

•386923 

385-876 

390-911 

33-1 

30 

„   2,  5.18 

31  53-77 

•387325 

407-781 

422-843 

32-25 

28 

„   3,  12.56 

31  37-18 

•379056 

453-66 

421-948 

35-37 

29-75 

„    6,  11.18A.M.  ' 

26  34-35 

•250162 

439-906 

435-699 

22-32 

29-7 

„   6,  3.55P.M. 

28  42-8 

•300070 

457-145 

462-056 

25-67 

29-6 

„   8,  12.17 

29  29-25 

•319773 

465-586 

443-204 

29-6 

29-7 

„   8,  5.45 

29  39-25 

•324137 

499-874 

480-564 

29-67 

28 

„   9,  1.27 

29  33-2 

•321491 

478-658 

469-296 

28-8 

26-4 

„  10,  11.9  A.M. 

29  12-65 

•312625 

468-344 

455-304 

28-21 

27-4 

„   10,  3.56P.M. 

28  14-47 

•288500 

519-082 

493-136 

27-28 

28-4 

•3547795 

458-699 

455-436 

31-02666 

28-362 

The  above  average  resistance,  reduced  to  18° '63  C.,  the  mean 
temperature  in  the  third  series,  is  0'98953  of  the  Association  unit, 
or  in  British  measure  32465480. 

In  the  third  series,  the  experiments  for  the  heat  of  the  current, 
of  radiation,  and  for  horizontal  magnetic  intensity  were  alternated 
in  such  a  manner  that  each  class  occupied  the  same  portions  of 
the  day  that  the  others  did.  I  sought  in  this  way  to  avoid  the 
effects  of  any  horary  change  in  the  humidity  etc.  of  the  atmo- 
sphere or  in  the  magnetic  force.  Of  the  thirty  experiments 
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comprising  each  class,  six  were  performed  at  about  each  of  the 
several  hours — 11  A.M.,  12 \  P.M.,  1£  P.M.,  4  P.M.,  and  5J  P.M. 

The  calorimeter,  protected  as  already  described,  was  supported 
on  the  edges  of  a  light  wooden  frame.  It  was  carefully  guarded 
against  draughts  by  screens  coated  with  tinfoil  placed  at  a  foot 
distance.  The  stirrer  consisted  of  a  vertical  copper  rod,  to  which 
vanes,  on  the  plan  of  a  screw-propeller,  were  soldered  at  four  equi- 
distant places.  The  rod  extended  2  inches  above  the  calorimeter, 
and  was  there  affixed  to  a  light  wooden  shaft  2  feefc  long,  attached 
at  the  upper  end  to  the  last  spindle  of  a  train  of  clock-wheels. 

Third  Series  of  Radiation  Experiments. 


Dflfp 

Temperature 

Temperature 

Rise  of 

Fall  of 

-Lactic 

of  air 

of  water 

temperature 

weight 

1867 

in. 

June  28,  10.38  A.M. 

460-527 

481-990 

-1-48 

31 

„      28,    3.53  P.M. 

513-687 

506-770 

0-75 

28-2 

„      29,  11.55A.M. 

493-088 

473-930 

1-82 

28 

„      29,    4.40  P.M. 

526-185 

508-480 

1-88 

28-5 

July     1,    1.23 

469-368 

442-114 

2-46 

27-5 

„        2,  10.58  A.M. 

404-842 

439-790 

-2-82 

27 

„        2,    4.5    P.M. 

401-779 

450-930 

-4-1 

28-5 

„        4,11.46A.M. 

492-210 

427-517 

5-97 

28 

„        4,    4.42  P.M. 

541-007 

484-927 

5-1 

26-5 

„      20,    1.0 

416-237 

409-044 

1-03 

28-75 

„      22,  11.5    A.M. 

474-393 

439-140 

3-32 

30 

„      22,    3.50P.M. 

486-267 

480-106 

0-8 

28-75 

„      23,  11.41A.M. 

451-029 

456-947 

-0-1 

28-4 

„      23,    4.49  P.M. 

475-319 

486-113 

-0-65 

28-5 

„      24,  12.54 

441-677 

460-780 

-1-48 

26-5 

„      25,  10.40  A.M. 

435-863 

410-237 

2-43 

28 

„      25,    3.27P.M. 

515-653 

460-939 

5-03 

28-8 

„      26,  11.29A.M. 

441-256 

447-526 

-0-2 

28-5 

„      26,    4.49P.M. 

435-776 

472-503 

-3-0 

29 

>,      27,    1.7 

404-58 

433-444 

-2-28 

29-8 

Aug.    2,  10.55  A.M. 

369-966 

374-18 

-0-15 

29-75 

„        2,    3.50  P.M. 

407-34 

406-42 

0-17 

27-8 

„        3,  11.30A.M. 

435-813 

401-187 

3-24 

28-6 

„        3,    4.33  P.M. 

476-691 

446-393 

2-9 

27 

6,    1.15 

457-87 

447-843 

1-05 

28-9 

„        8,  10.46  A.M. 

442-403 

426-304 

1-68 

29 

„        8,    4.17  P.M. 

489-901 

463-143 

2-42 

29-7 

9,  11.51A.M. 

466-428 

453-149 

1-27 

26-5 

9,    5.37P.M. 

490-308 

484-753 

0-66 

27-9 

„      10,    1.20 

502-96 

472-469 

2-82 

28-6 

Average    . 

460-6808 

451-6356 

1*018 

28-498 
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The  weight  was  35  Ibs.,  which,  falling  about  2  feet  per  hour, 
produced  a  continuous  revolution  of  the  stirrer  at  a  rate  of  about 
200  in  the  minute.  The  action  of  the  stirrer  left  nothing  to  be 
desired.  It  was  started  five  minutes  before  an  experiment 
commenced,  and  kept  going  until  the  last  observation  of  the  ther- 
mometer had  been  made. 

Each  experiment,  as  in  the  second  series,  lasted  one  hour, 
during  which  were  made  eight  observations  of  the  thermometer 
immersed  in  the  calorimeter,  twenty  of  the  temperature  of  the  air, 
and  forty  of  the  deflection  of  the  galvanometer. 

Determinations  of  Horizontal  Magnetic  Intensity. 


T)of  p 

Galvanometer 

Weighing  by 
cu  rront  -  ru  6  16  r 

R_  -17676^ 

JL/ciltJ 

Q6Il€CtlOri  j 

e 

w 

tan  e 

1867 

o   / 

grs. 

June  28,  1.30  P.M. 

37  21-42 

253-04 

3-68334 

„   29,  10.50A.M. 

26  43-06 

109-28 

3-67114 

„   29,  3.50  P.M. 

25  12-56 

96-04 

3-67964 

July  1,  12.25 

38  23-56 

272-35 

3-68144 

„   1,  5.20 

38  59-25 

284-95 

3-68634 

„   2,  1.40 

38  49-94 

280-9 

3-68034 

„    4,  10.45  A.M. 

26  24-55 

106-25 

3-66894 

„    4,  3.45  P.M. 

26  10-55 

104-99 

3-68474 

„   20,  12  Noon. 

39  18-9 

289-875 

3-67484 

„   20,  4.40  P.M. 

41  11-35 

332-825 

3-68504 

„   22,  1.30 

41  21-4 

335-13 

3-67594 

„   23,  10.45  A.M. 

32  5-1 

169-616 

3-67194 

„   23,  3.45  P.M. 

31  56-15 

168-608 

3-68224 

„   24,  11.51  A.M. 

39  52-95 

301-591 

3-67364 

„   24,  5.0  P.M. 

40  24-9 

315-092 

3-68474 

„   25,  1.10 

41  27-95 

338-391 

3-67964 

„   26,  10.30  A.M. 

34  40-45 

206-658 

3-67324 

„   26.  3.33  P.M. 

33  25-5 

188-675 

3-67864 

„   27^  12  Noon. 

43  19-55 

386-0 

3-68194 

„   27,  5.12  P.M. 

42  48-53 

372-658 

3-68414 

Aug.  2,  1.30 

41  15-35 

332-733 

3-67584 

„   3,  10.25  A.M. 

34  13-9 

198-99 

3-66464 

„   3,  3.33P.M. 

33  40-3 

191-983 

3-67628 

„   6,  12.12 

35  9-8 

214-117 

3-67156 

„   6,  4.50 

37  8-1 

248-258 

3-67784 

„   8,  1.11 

37  44-55 

259-867 

3-68110 

„   9,  10.53  A.M. 

31  23-65 

160-708 

3-67186 

„   9,  4.42  P.M. 

30  43-4 

152-75 

3-67590 

„   10,  12.12 

36  25-4 

235-433 

3-67557 

„   10,  4.50 

34  49-5 

209-608 

3-67864 

Average  

3-67771 
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The  correction  to  be  applied  to  the  air-registering  ther- 
mometer, as  deduced  from  the  radiation  experiments  of  this 
third  series,  is  found  from 

217-452  -  IQa;  =  488'807  +  2Q# 
16-26  46-8 

whence  #,  the  quantity  to  be  added  to  the  observed  temperature 
of  the  air  in  the  thermal  experiments,  =  2*81.  The  temperature 
of  the  air  was  therefore  virtually  6'073  higher  than  that  of  the 
water.  The  results  also  show  that  the  unit  of  effect  on  the 
calorimeter  was  produced  by  a  difference  of  temperature  of 
11-645. 


Hence  31-0266  -  1l,  =  30-5051  ; 

11*645 

and  adding  0*077  for  the  unimmersed  part  of  the  thermometer- 
stem,  the  corrected  thermal  effect  in  the  third  series  is  found  to 
be  30-5821. 

The  average  capacity  of  the  calorimeter  was  equal  to  that  of 
93859  grs.  of  water,  being  made  up  of  91531  grs.  distilled  water, 
22364  grs.  of  copper,  486  grs.  of  tin  (the  weight  of  the  coating 
next  the  calorimeter),  52  grs.  silk  net  (half  that  employed),  the 
thermometer,  coil,  and  corks. 

The  equivalent  deduced  from  the  third  series  is  therefore 


)  2 

x  3-6777      x  -35478  x  32465480  x  3600 


The  equivalents  above  arrived  at  are  :  — 

From  Series  1.  Average  of  10,  25335  *. 
From  Series  2.  Average  of  15,  25366  *. 
From  Series  3.  Average  of  30,  25217  *. 

The  extra  precautions  taken  in  the  last  series  entitle  the  last 
figure  to  be  taken  as  the  result  of  the  inquiry.  Reduced  to 
weighings  in  vacuo  it  becomes  25187. 

*  See  footnote  p.  261  for  conversion  to  C.G.S.  measure. 


SIXTH   REPORT— EXETER,    1869. 

THE  Electrical  Standard  Committee  have  this  year  had  com- 
paratively few  meetings,  and  the  results  of  the  experiments  made 
by  the  individual  Members  do  not  call  for  a  Report  of  any  length. 
It  is,  however,  thought  desirable  to  print  at  once,  as  Appendices, 
the  important  results  obtained  by  Professor  Clerk  Maxwell,  in 
determining  the  ratio  of  the  electromagnetic  and  electrostatic 
series  of  units,  and  also  a  description  of  Sir  Wm.  Thomson's 
experiments  on  the  same  subject. 

Description  of  Sir  Wm.  Thomsons  Experiments  made  for  the 
Determination  of  v,  the  Number  of  Electrostatic  Units  in  the 
Electromagnetic  Unit.  By  W.  F.  KING. 

The  two  principal  pieces  of  apparatus  used  in  these  experi- 
ments were  the  absolute  electrometer  and  the  electrodynamometer. 
The  former  of  these  instruments  was  described  at  the  last  Meeting 
of  the  Association,  and  a  description  of  it  is  printed  in  the  Report. 
Plate  7  illustrates  the  arrangements  described  in  what  follows. 

The  electrodynamometer  consists  of  two  large  coils  of  fine 
copper  wire,  and  a  smaller  coil  of  still  finer  wire.  The  two  large 
coils  are  about  30  centims.  diameter,  and  are  placed  vertical,  in 
planes  parallel  to  one  another;  the  distance  between  the  large 
coils  is  15  centims.  (equal  to  their  radius).  The  smaller  coil  is 
suspended  between  the  large  coils  by  a  copper  wire  of  such  a 
thickness  as  to  give  the  coil  a  time  of  vibration  such  that  it  com- 
pletes a  period  in  about  thirteen  seconds.  The  upper  end  of  the 
suspending  wire  is  attached  to  a  milled  head,  and  this  head  can 
be  turned  round  by  the  fingers.  The  lower  end  of  the  wire  is 
firmly  fixed  to  the  coil,  and  is  in  metallic  connexion  with  one  end 
of  it.  To  the  other  end  of  the  coil  is  soldered  a  spiral  of  very  fine 
platinum  wire,  which  hangs  directly  below  the  coil,  and  its  lower 
end  is  cemented  to  the  dry  woodwork  of  the  instrument.  To  the 
fixed  end  of  the  spiral  coil  a  copper  wire  is  attached,  whose  other 
end  is  soldered  to  a  binding-screw  in  an  accessible  position. 
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On  one  side  of  the  small  or  movable  coil  is  fixed  a  plane 
mirror,  and  in  front  of  the  mirror,  at  a  distance  of  about  450 
centims.,  the  scale  is  fixed  on  which  the  observations  are  read. 
A  paraffin-lamp  wire,  to  give  dark  line  in  image  of  flame,  and  lens 
are  used  in  the  ordinary  way  for  finding  accurately  the  angle 
through  which  the  coil  turns.  It  is  never  greater  than  0*05.  Its 
true  amount  can  be  determined  to  within  -^  per  cent. 

The  connexions  are  not  very  intricate,  and  are  traced  thus : — 
Starting  from  one  pole  of  the  battery  (the  battery  used  was  sixty 
sawdust  Daniell's  in  series),  the  current  goes  in  at  one  end  of 
large  coil  No.  1,  and  from  the  other  end  of  No.  1  the  current  goes 
to  either  end  of  the  movable  coil ;  and  the  end  of  the  movable 
coil  at  which  we  suppose  the  current  to  be  coming  out  is  connected 
with  the  end  of  No.  2  large  coil,  similar  to  the  end  of  No.  1,  to 
which  the  battery  was  first  attached,  that  is  to  say,  the  end  which 
will  make  the  current  go  round  in  the  same  direction  in  both  the 
large  coils.  When  the  current  leaves  the  extreme  end  of  No.  2, 
it  passes  through  a  10,000  B.A.  resistance-box;  the  current  is 
completed  by  connecting  the  other  end  of  the  resistance-box  with 
the  pole  of  the  battery  not  already  engaged. 

The  absolute  electrometer  is  used  in  the  ordinary  way  for 
measuring  differences  of  potential,  and  its  electrodes  are  con- 
nected, one  to  the  end  of  the  dynamometer  coil  No.  1,  which  is 
joined  to  the  battery,  and  the  other  electrode  is  fixed  to  the  end 
of  the  resistance-box,  which  is  connected  to  the  other  pole  of  the 
battery.  Thus  the  greatest  difference  of  potential  in  the  arrange- 
ment is  measured  by  the  absolute  electrometer.  An  electrometer- 
key  is  used  to  reverse  these  connexions  in  the  course  of  the 
experiments. 

There  is  only  one  other  part  of  the  arrangement  to  be  ex- 
plained, and  that  is  the  method  of  observing  the  resistance  of 
the  dynamometer  coils  while  the  experiments  are  going  on.  This 
was  done  by  means  of  the  resistance-box  in  the  circuit  and  an 
electrometer.  At  one  time  the  standard  electrometer  was  used 
for  this  purpose,  but  more  lately  the  quadrant,  rendered  un- 
sensitive,  was  employed.  Both  these  instruments  are  described 
in  the  last  Report. 

To  take  the  resistance  of  the  coils,  the  electrodes  of  the 
electrometer  were  first  placed  on  the  extreme  ends  of  the  three 
coils,  and  the  difference  of  potential  was  ascertained.  The 
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electrodes  were  then  shifted  to  the  ends  of  the  resistance-box,  and 
the  difference  of  potentials  of  its  two  ends  was  found.  This  gives 
at  once  the  resistance  of  the  coils. 

There  are  two  things  which  have  to  be  done  before  the  ex- 
periments are  commenced.  One  is  the  determination  of  the 
moment  of  inertia  of  the  movable  coil.  This  is  done  at  the 
beginning  and  end  of  a  long  series  of  experiments,  by  comparing 
it  with  a  ring  whose  moment  of  inertia  is  known.  The  other  is 
done  every  day,  and  it  is  finding  the  time  of  vibration  of  the 
small  coil  after  all  the  connexions  have  been  made  and  the  coil 
put  into  its  place.  This  was  done  both  with  the  current  from  the 
battery  flowing  through  the  coils  and  with  no  current  flowing; 
but  this  variation  was  of  very  little  consequence,  as  no  difference 
could  be  detected  in  the  time.  When  the  dynamometer  is  set  up, 
care  is  taken  to  neutralize  the  effects  of  the  earth's  magnetism 
by  a  large  number  of  magnets  fixed  at  a  great  distance  from  the 
coils.  If  the  adjustment  of  the  magnets  is  perfect,  there  is  no 
alteration  of  the  position  of  the  spot  of  light  when  the  current  is 
reversed  through  the  coils  by  the  battery-key.  Up  to  the  present 
time  (May  1868)  various  causes  have  prevented  the  obtainment  of 
as  satisfactory  results  as  the  method  described  above  allows  us  to 
expect.  Eleven  sets  of  experiments,  made  at  various  dates,  from 
March  10  to  May  8  of  the  present  year,  have  indicated  values 
for  v,  of  which  the  greatest  was  292  x  108,  the  smallest  2754  x  108, 
and  the  mean  282*5  x  108  centimetres  per  second.  Sir  W.  Thomson 
intends  to  continue  the  investigation,  hoping  to  attain  much 
greater  accuracy. 

[P.S.  Nov.  1869.  A  new  form  of  absolute  electrometer  has 
now  been  completed  and  brought  into  use,  with  good  promise  as 
to  accuracy  and  convenience.  A  glass  jar  constituting  the 
"  Leyden  battery  "  contains  within  it  the  "  absolute  electrometer  " 
proper,  the  "idiostatic  gauge,"  and  the  "  replenisher."  One 
observer  can  use  it  effectively ;  although  it  is  more  easily  worked 
by  two,  one  maintaining  constant  potential  in  the  Leyden  jar  by 
aid  of  the  idiostatic  gauge  and  the  replenisher,  and  the  other 
attending  to  the  absolute  electrometer  (main  balance  and  micro- 
meter-screw). The  main  balance,  giving  electric  weighing  in 
known  weights,  is  as  steady  and  as  easily  used  as  any  of  the 
"attracted  disk"  electrometers,  whether  portable  or  stationary, 
described  in  previous  Reports.] 

B.  A.  18 
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Experiments  on  the  Value  of  v,  the  Ratio  of  the  Electromagnetic  to 
the  Electrostatic  Unit  of  Electricity.     By  J.  CLERK  MAXWELL. 

The  experiments  consisted  in  observing  the  equilibrium  be- 
tween the  electrostatic  attraction  of  two  disks,  at  a  certain 
difference  of  potential,  and  the  electromagnetic  repulsion  of  two 
coils  traversed  by  a  certain  current.  For  this  purpose  one  of  the 
disks,  with  one  of  the  coils  at  its  back,  was  attached  to  one  arm 
of  a  torsion-balance,  while  the  other,  with  the  other  coil  at  its 
back,  was  capable  of  being  moved  to  various  distances  from  the 
suspended  disk  by  a  micrometer-screw.  Another  coil,  traversed 
by  the  same  current  in  the  opposite  direction,  was  attached  to  the 
other  arm  of  the  torsion-balance,  so  as  to  do  away  with  the  effect 
of  terrestrial  magnetism. 

The  fixed  disk  was  larger  than  the  suspended  disk,  and  the 
latter,  when  in  its  zero  position,  had  its  surface  in  the  same  plane 
as  that  of  a  "  guard-ring,"  as  in  Sir  W.  Thomson's  electrometers. 
Its  position  and  motion  were  observed  by  means  of  a  microscope, 
directed  to  a  graduated  glass  scale,  connected  with  the  disk. 
When  the  microscope  was  adjusted  so  that  the  image  of  the  zero 
line  on  the  glass  scale  coincided  with  the  cross  wires  of  the  micro- 
scope, the  very  smallest  motion  of  the  scale  could  be  easily 
detected,  so  that  the  observations  were  very  rapid.  The  disk  was 
brought  to  zero  by  the  tangent-screw  at  the  top  of  the  suspension- 
wire,  and  its  equilibrium  was  also  observed  at  zero.  The  equi- 
librium, when  the  electrical  forces  were  applied,  was  always 
unstable.  This  electrical  balance  was  made  by  Mr  Becker.  The 
experiments  were  made  in  the  laboratory  of  Mr  Gassiot,  who  kindly 
gave  the  use  of  his  great  battery  for  the  purpose.  Mr  Willoughby 
Smith  lent  his  resistance-coils,  of  1,102,000  ohms;  Messrs  Forde 
and  Fleeming  Jenkin  lent  a  galvanometer,  a  resistance-box,  a 
bridge  and  a  key ;  and  Mr  C.  Hockin  undertook  the  observation 
of  the  galvanometer,  and  the  testing  of  the  galvanometer,  the 
resistances,  and  the  micrometer-screw. 

The  difference  of  potentials  of  the  disks  was  compared  with 
the  current  in  the  coils  as  follows : — One  electrode  of  the  great 
battery  was  connected  with  the  fixed  disk,  and  the  other  with  the 
case  of  the  instrument  and  the  guard-ring  arid  the  suspended 
disk.  They  were  also  connected  through  the  great  resistance  R, 
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and  the  primary  coil  of  the  galvanometer  Gl}  shunted  with  a 
resistance  8. 

A  small  Grove's  battery  was  employed  to  send  a  current 
through  the  three  coils  and  the  secondary  coil  of  the  galvano- 
meter G2. 


A.  Suspended  disk  and  coil. 

A'.  Counterpoise  disk  and  coil. 

C.  Fixed  disk  and  coil. 

BI.  Great  battery.      £2.  Small  battery. 

Gl.  Primary  coil  of  galvanometer. 

G£.  Secondary  coil. 

R.  Great  resistance.       S.    Shunt. 

K.  Double  key. 


g.    Graduated  glass  scale. 

x.    Current  through  E. 

x'.  Current  through  Gl . 

x  -  x'.    Current  through  S. 

y.    Current    through     the    three    coils 

and  G2. 

M.  Mercury  cup. 
T.    Torsion  head  and  tangent  screw. 


One-quarter  of  the  micrometer-box,  disks,  and  coils  is  cut  away  to  show  the 
interior.  The  case  of  the  instrument  is  not  shown.  The  galvanometer  and  shunts 
were  10  feet  from  the  electric  balance. 


Equilibrium  of  the  electric  balance  was  obtained  by  working 
the  micrometer,  and  so  adjusting  the  distance  of  the  disks.     At 


18—2 
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the  same  time  equilibrium  of  the  galvanometer  was  obtained  by 
altering  the  resistance  of  the  shunt  S. 

The  simultaneous  values  of  the  micrometer  and  the  shunt 
formed  the  result  of  each  experiment.  It  was  necessary  also  to 
ascertain  the  ratio  of  the  magnetic  effects  of  the  two  coils  of  the 
galvanometer  immediately  after  each  set  of  experiments. 

The  experiments  are  described  at  greater  length  in  the  Philo- 
sophical Transactions  for  1868,  p.  643. 

The  method  of  experimenting  appeared  capable  of  considerable 
accuracy;  but  some  difficulties  arose  from  want  of  constancy  in 
the  batteries,  from  leakage  of  electricity,  etc.,  so  that  many  of  the 
experiments  were  known  to  be  faulty.  Twelve  experiments,  how- 
ever, against  which  nothing  could  be  proved  at  the  time  of  making 
them,  in  which  the  distance  of  the  disks  ranged  from  J  to  -J  an 
inch,  and  the  power  of  the  battery  from  1000  to  2600  cells,  gave 
values  of  v  of  which  the  least  was  28*4  and  the  greatest  29*4  ohms; 
and  in  nine  of  these  the  values  lay  between  28'68  and  28*91.  The 
mean  of  the  12  was — 

v  =  28-798  ohms 

=  288,000,000  metres  per  second 
=  179,000  statute  miles  per  second. 

This  result  is  much  lower  than  that  of  MM.  Weber  and 
Kohlrausch,  which  was  v  =  310,740,000  metres  per  second,  but 
agrees,  I  believe,  more  nearly  with  values  recently  obtained  by 
Sir  W.  Thomson,  whose  method,  as  well  as  mine,  depends  on  the 
B.A.  unit.  Weber's  method  depends  on  the  measure  of  capacity » 
It  is  to  be  hoped  that  this  important  physical  quantity  may  soon 
be  determined  by  methods  founded  on  capacity,  and  disem- 
barrassed from  the  phenomena  of  "electric  absorption,"  which 
occurs  in  all  solid  condensers,  and  which  would  tend  to  give  too- 
high  values  of  vt 


REPORT*  ON  THE  NEW  UNIT  OF  ELECTRICAL  RESIST- 
ANCE PROPOSED  AND  ISSUED  BY  THE  COMMITTEE 
ON  ELECTRICAL  STANDARDS  APPOINTED  IN  1861 
BY  THE  BRITISH  ASSOCIATION. 

[From  Proc.  Roy.  Soc.  xiv.   154  to  164  (April  6,   1865).] 

By  FLEEMING  JENKIN,  Esq. 

SIR  HUMPHRY  DAVY,  in  1821  f,  published  his  researches 
proving  a  difference  in  the  conducting  power  of  metals  and 
the  decrease  of  that  power  as  their  temperature  rose.  This 
quality  of  metals  was  examined  by  Snow  Harris,  Gumming,  and 
E.  Becquerel,  whose  table  of  conducting  powers,  compiled  by  the 
aid  of  his  differential  galvanometer,  and  published  in  1826  J,  is 
still  frequently  quoted,  and  is  indeed  remarkable  as  the  result  of 
experiments  made  before  the  publication  by  Ohm,  in  1827 §,  of 
the  true  mathematical  theory  of  the  galvanic  circuit. 

The  idea  of  resistance  as  the  property  of  a  conductor  was 
introduced  by  Ohm,  who  conceived  the  force  of  the  battery  over- 
coming the  resistance  of  the  conductors  and  producing  the  current 
as  a  result.  Sir  Humphry  Davy,  on  the  contrary,  and  other 
writers  of  his  time,  conceived  the  voltaic  battery  rather  as  con- 
tinually reproducing  a  charge,  somewhat  analogous  to  that  of  a 
Ley  den  jar,  which  was  discharged  so  soon  as  a  conductor  allowed 
the  fluid  to  pass.  The  idea  of  resistance  is  the  necessary  corollary 
of  the  conception  of  a  force  doing  some  kind  of  work||,  whereas 
the  idea  of  conducting  power  is  the  result  of  an  obvious  analogy 
when  electricity  is  conceived  as  a  fluid,  or  two  fluids,  allowed  to 
pass  in  different  quantities  through  different  wires  from  pole  to 

*  This  did  not  form  part  of  a  Report  to  the  British  Association. 

t  Phil.  Trans.  1821,  vol.  cxi.  p.  425. 

£  Ann.  de  Chim.  et  de  Phys.  2nd  series,  vol.  xxxn.  p.  420. 

§  Die  galvanische  Kette,  mathematisch  bearbeitet,  1827 ;  also  Taylor's  Scientific 
Memoirs,  vol.  11.  p.  401. 

||  The  writer  does  not  mean  by  this  that  electrical  and  mechanical  resistance  are 
truly  analogous,  or  that  a  current  truly  represents  work. 
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pole.  When  submitted  to  measurement,  the  qualities  of  con- 
ducting power  and  resistance  are  naturally  expressed  by  reciprocal 
numbers ;  and  the  terms  are  used  in  this  sense  in  the  early 
writings  of  Lenz  (1833)*,  who,  with  Fechnerf  and  PouilletJ, 
established  the  truth  of  Ohm's  theory  shortly  after  the  year  1830. 

The  conception  of  a  unit  of  resistance  is  implicitly  contained 
in  the  very  expression  of  Ohm's  law ;  but  the  earlier  writers  seem 
to  have  contented  themselves  with  reducing  by  calculation  the 
resistance  of  all  parts  of  a  heterogeneous  circuit  into  a  given 
length  of  some  given  part  of  that  circuit,  so  as  to  form  an  ima- 
ginary homogeneous  conductor,  the  idea  of  which  lies  at  the  basis 
of  Ohm's  reasoning.  These  writers,  thereforej_generally ;  jpeak_of 
the  resistance  as  the  "  reduced  length  "  of  the  conductor,  a  term 
still  much  used  in  France  (vide  Daguin,  Jamin,  Becquerel,  De  la 
Rive,  and  others).  The  next  step  would  naturally  be,  when  com- 
paring different  circuits,  to  reduce  all  resistances  into  a  length  of 
some  one  standard  wire,  though  this  wire  might  not  form  part  of 
all  or  of  any  of  the  circuits,  and  then  to  treat  the  unit  length  of 
that  standard  wire  as  a  unit  of  resistance.  Accordingly  we  find 
Lenz  (in  1838§)  stating  that  1  foot  of  No.  11  copper  wire  is  his 
unit  of  resistance,  and  that  it  is  19'9  times  as  great  as  the  unit 
he  used  in  1833 1|,  which  was  a  certain  constant  part  of  the  old 
circuit.  In  the  earlier  paper  the  resistances  are  treated  as  lengths, 
in  the  later  as  so  many  "units." 

Lenz  appears  to  have  chosen  his  unit  at  random,  and  ap- 
parently without  the  wish  to  impose  that  unit  upon  others.  A 
further  advance  is  seen  when  Professor  Wheatstone,  in  his  well- 
known  paper  of  1843  U,  proposes  1  foot  of  copper  wire,  weighing 
100  grains,  not  only  as  a  unit,  but  as  a  standard  of  resistance, 
chosen  with  reference  to  the  standard  weight  and  length  used  in 
this  country.  To  Professor  Wheatstone  also  appears  due  the 
credit  of  constructing  (in  1840)  the  first  instruments  by  which 
definite  multiples  of  the  resistance-unit  chosen  might  be  added 
or  subtracted  at  will  from  the  circuit  1T.  He  was  closely  followed 

*  Pogg.  Ann.  vol.  xxxiv.  p.  418. 
f  Maasbestimmungen,  etc.  1  vol.  4to.     Leipzic,  1831. 

J  Siemens  de  Physique,  p.  210,  5th  edition;  and  Comptes  Bendus,  vol.  iv.  p.  267. 
§  Pogg.  Ann.  vol.  XLV.  p.  105. 
||  Pogg.  Ann.  vol.  xxxiv.  p.  418. 
IF  Phil.  Trans.  1843,  vol.  cxxxm.  p.  303. 
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by  Poggendorff  *  and  Jacob!  f,  the  description  of  whose  apparatus, 
indeed,  precedes  that  of  the  Rheostat  and  Resistance-coils, 
although  the  writer  understands  that  they  acknowledge  having 
cognizance  of  those  inventions.  Resistance-coils,  as  the  means  of 
adding,  not  given  lengths,  but  given  graduated  resistances  to  any 
circuit,  are  now  as  necessary  to  the  electrician  as  the  balance  to 
the  chemist. 

In  1846  HankelJ  used  as  unit  of  resistance  a  certain  iron 
wire;  in  1847  I.  B.  Cooke§  speaks  of  a  length  of  wire  of  such 
section  and  conducting-power  as  is  best  fitted  for  a  standard  of 
resistance.  Buff||  and  Horsfordlf  in  the  same  year  reduce  the 
resistance  of  their  experiments  to  lengths  of  a  given  German- 
silver  wire,  and  as  a  further  definition  they  give  its  value  as 
compared  with  pure  silver.  To  avoid  the  growing  inconvenience 
of  this  multiplicity  of  standards,  Jacobi*^  (in  1848)  sent  to 
Poggendorff  and  others  a  certain  copper  wire,  since  well  known 
as  Jacobi's  standard,  desiring  that  they  would  take  copies  of  it, 
/  so  that  all  their  results  might  be  expressed  in  one  measure.  He 
pointed  out,  with  great  justice,  that  mere  definition  of  the 
standard  used,  as  a  given  length  and  weight  of  wire,  was  insuffi- 
cient, and  that  good  copies  of  a  standard,  even  if  chosen  at 
random,  would  be  preferable  to  the  reproduction  in  one  laboratory 
of  a  standard  prepared  and  kept  in  another.  The  present  Com- 
mittee fully  indorse  this  view,  although  the  definition  of  standards 
based  on  weights  and  dimensions  of  given  materials  has  since  then 
gained  greatly  in  precision. 

Until  about  the  year  1850  measurements  of  resistance  were 
confined,  with  few  exceptions,  to  the  laboratory ;  but  about  that 
time  underground  telegraphic  wires  were  introduced,  and  were 
shortly  followed  by  submarine  cables,  in  the  examination  and 
manufacture  of  which  the  practical  engineer  soon  found  the 
benefit  of  a  knowledge  of  electrical  laws.  Thus  in  1847  the 
officers  of  the  Electric  and  International  Telegraph  Company  used 
resistance-coils  made  by  Mr  W.  F.  Cooke,  apparently  multiples  of 
Wheatstone's  original  standard,  which  was  nearly  equal  to  the 

*  Pogg.  Ann.  vol.  LII.  p.  511. 
f  Pogg.  Ann.  vol.  LII.  p.  526,  vol.  LIV.  p.  347. 

£  Pogg.  Ann.  vol.  LXIX.  p.  255.  §  Phil.  Mag.  New  Series,  vol.  xxx.  p.  385. 

|j  Pogg.  Ann.  vol.  LXXIII.  p.  497. 

IT  Pogg.  Ann.  vol.  LXX.  p.  238,  and  Silliman's  Joiirn.  vol.  v.  p.  36. 
**  Coinptes  Rendus,  1851,  vol.  xxxni.  p.  277. 
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No.  16  wire  of  commerce;  and  Mr  C.  F.  Varley*  states  that, 
even  at  that  date,  he  used  a  rough  mode  of  "  distance  testing." 
In  1850,  Lieut.  Werner  Siemensf  published  two  methods  for 
determining,  by  experiments  made  at  distant  stations,  the  position 
of  "  a  fault " — that  is  to  say,  a  connexion  between  the  earth  and 
the  conducting-wire  of  the  line  at  some  point  between  the 
stations.  In  one  of  these  plans  a  resistance  equal  to  that  of  the 
battery  is  used,  and  the  addition  of  resistances  is  also  suggested ; 
and  Sir  Charles  Bright,  in  a  Patent  dated  1852  J,  gives  an  account 
of  a  plan  for  determining  the  position  of  a  fault  by  the  direct 
use  of  resistance-coils.  Since  that  time  new  methods  of  testing 
for  faults  and  of  examining  the  quality  of  materials  employed, 
and  the  condition  of  the  line,  have  been  continually  invented, 
almost  all  turning,  more  or  less,  on  the  measurement  of  re- 
sistance ;  greater  accuracy  has  been  continually  demanded  in  the 
adjustment  of  coils  and  other  testing-apparatus,  until  we  have  now 
reached  a  point  where  we  look  back  with  surprise  at  the  rough 
and  ready  means  by  which  the  great  discoveries  were  made  on 
which  all  our  work  is  founded. 

The  first  effect  of  the  commercial  use  of  resistance  was  to  turn 
the  "feet"  of  the  laboratory  into  "miles"  of  telegraph  wire. 
Thus  we  find  employed  as  units,  in  England  the  mile  of  No.  16 
copper  wire§,  in  Germany  the  German  mile  of  No.  8  iron  wire, 
and  in  France  the  kilometre  of  iron  wire  of  4  millimetres 
diameter.  Several  other  units  were  from  time  to  time  proposed 
by  Langsdorf  ||,  Jacob!  IT,  Marie-Davy**,  Weber  ft,  W.  Thomson  jj, 
and  others,  with  a  gradually  increasing  perception  of  the  points 
of  chief  importance  in  a  standard ;  but  none  of  these  were 
generally  accepted  as  the  one  recognized  measure  in  any  country. 
To  remedy  the  continually  increasing  evils  arising  from  the 
discrepancies  invariably  found  between  different  sets  of  coils, 
Dr  Werner  Siemens  (in  1860§§)  constructed  standards,  taking  as 

*  Letter  to  writer,  1865.  f  p0gg.  Ann.  vol.  LXXIX.  p.  481. 

J  Patent  No.  14,331,  dated  Oct.  21,  1852. 

§  A  size  much  used  in  underground  conductors,  and  equal  in  resistance  to 
about  double  the  length  of  the  common  No.  8  iron  wire  employed  in  aerial  lines. 
||   Liebig's  Ann.  vol.  LXXXV.  p.  155.  IT  Pogg.  Ann.  vol.  LXXVIII.  p.  173. 

**  Ann.  Chim.  et  Phys.  3rd  series,  vol.  ix.  p.  410. 

Paa^Ann.  vol.  racfft.  p.  337.  r /? 

Phil.  Mag.  Dec.  1851,  4th  series,  vol.  n.  p.  551. 
§§  Pogg.  Ann.  vol.  ex.  p.  1. 
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unit  the  resistance  of  a  column  of  chemically  pure  mercury  1  metre 
long,  having  a  section  equal  to  1  millimetre  square,  and  main- 
tained at  the  temperature  of  0°  Centigrade*.  Dr  Siemens 
supposed  that  this  standard  could  be  reproduced  without  much 
difficulty  where  copies  could  not  be  directly  obtained.  Mercury 
had  been  proposed  before  as  a  fitting  material  for  a  standard  by 
Marie-Davy  and  De  la  Rive;  but  Dr  Siemens  merits  especial 
recognition,  as  the  coils  and  apparatus  he  issued  have  been  made 
with  great  care,  and  have  materially  helped  in  introducing  strict 
accuracy  f. 

The  question  had  reached  this  point  when  (in  1861)  the 
British  Association,  at  the  suggestion  of  Professor  W.  Thomson, 
appointed  a  Committee  to  determine  the  best  standard  of  elec- 
trical resistance.  This  Committee,  aided  by  a  grant  from  the 
Royal  Society,  have  now  issued  a  new  standard,  the  subject  of  the 
present  paper. 

The  writer  has  hitherto  described  those  units  only  which  are 
founded  on  a  more  or  less  arbitrary  size  and  weight  of  some  more 
or  less  suitable  material  ;  but  measurements  of  resistance  can 
be  conceived  and  carried  out  entirely  without  reference  to  the 
special  qualities  of  any  material  whatever.  In  1849  Kirchhofft 
had  already  effected  a  measurement  of  this  kind  ;  but  it  is  to 
we  owe  the  first  distinct  proposal  (in  1851)  of  a 


definite  system  of  jslectrical  measurements,  according  to  which 
resistance  would  be  measured  in  terms  of  an  absolute  velocity. 
This    system    of    measures   he   called    absolute   electromagnetic 
measure,  in  analogy  with  Gauss's  nomenclature  of  absolute  mag- 
netic   measure.     The    Committee    have    decided    that    Weber's  ] 
proposal  is  far  preferable  to  the  use  of  any  unit  of  the  kind  pre-  f 
viously  described.     Setting   aside  the  difficulties  in  the  way  of\ 
^heir  reproduction,  which  are  by  no  means  contemptible,  Arbitrary 

*  Dr  Siemens,  wbile  retaining  bis  definition,  has  altered  the  value  of  his 
standard  about  2  per  cent,  since  the  first  issue  ;  and  it  is  doubtful  whether  even 
the  present  standard  represents  the  definition  truly:  his  experiments  were  made 
by  weight  ;  and  in  reducing  the  results  to  simple  measurements  of  length  he  has 
used  a  specific  gravity  for  mercury  of  13-557  instead  of  13-596  as  given  by  Regnault, 
13-595  by  H.  Kopp,  and  13-594  by  Balfour  Stewart.  (1873.  The  error  due  to  this 
cause  has  since  been  corrected.) 

t  Many  of  the  different  units  described  above  were  represented  by  resistance- 
coils  in  the  International  Exhibition  of  1862  :  vide  Jury  Report,  Class  XIII.  p.  83, 
where  their  relative  values  are  given  :  vide  also  Appendix  A  to  present  paper. 

J  Pogg.  Ann.  vol.  LXXVI.  p.  412.  §  Pogg.  Ann.  vol.  LXXXII.  p.  337. 
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material  standards,  whether  of  mercury,  gold,  silver,  platinum,  or 
any  other  material,  would  be  heterogeneous  isolated  units  without 
any  natural  connexion  with  any  other  physical  units.  The  unit 
proposed  by  Weber,  on  the  other  hand,  forms  part  of  a  symme- 
trical natural  system,  including  both  the  fundamental  units  of 
length,  time,  and  mass,  and  the  derived  electrical  units  of  current, 
quantity  and  electromotive  force.  Moreover  it  has  been  shown  by 
Professor  W.  Thomson*,  who  accepted  and  extended  Weber's 
proposal  immediately  on  its  appearance,  that  the  unit  of  absolute 
work,  the  connecting  link  between  all  physical  forces,  forms  part  of 
the  same  system,  and  may  be  used  as  the  basis  of  the  definition  of 
the  absolute  electromagnetic  units. 

The  full  grounds  of  the  choice  of  the  Committee  could  only 
be  explained  by  a  needless  repetition  of  the  arguments  given  in 
the  reports  already  made  to  the  British  Association.  It  will  be 
sufficient  here  to  state  that,  in  the  absolute  electromagnetic 
system,  the  following  equations  exist  between  the  mechanical  and 
electrical  units : — 

W  =  C*Rt,    (1) 

where  W  is  the  work  done  in  the  time  t  by  the  current  (7  conveyed 
through  a  conductor  of  the  resistance  R.  This  equation  expresses 
Joule  and  Thomson's  law. 

*-5 ^ 

where  E  is  the  electromotive  force.  This  equation  expresses 
Ohm's  law. 

Q  =  Ct,    (3) 

expressing  a  relation  first  proved  by  Faraday,  where  Q  is  the 
quantity  of  electricity  conveyed  or  neutralized  by  the  current  in 
the  time  t.  Finally,  the  whole  system  is  rendered  determinate  by 
the  condition  that  the  unit  length  of  the  unit  current  must 
produce  the  unit  force  on  the  unit  pole  (Gauss)  at  the  unit 
distance.  If  it  is  preferred  to  omit  the  conception  of  magnetism, 
this  last  statement  is  exactly  equivalent  to  saying  that  the  unit 
current  conducted  round  two  circles  of  unit  area  in  vertical  planes 
at  right  angles  to  each  other,  one  circuit  being  at  a  great  distance 
D  above  the  other,  will  cause  a  couple  to  act  between  the  circuits 
of  a  magnitude  equal  to  the  reciprocal  of  the  cube  of  the  distance 

*  Phil.  Mag.  Dec.  1851,  4th  series,  vol.  n.  p.  551. 
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D.  This  last  relation  expresses  the  proposal  made  by  Weber  for 
connecting  the  electric  and  magnetic  measure.  These  four  re- 
lations serve  to  define  the  four  magnitudes  R,  C,  Q,  and  E,  without 
ivfiTcnce  to  any  but  the  fundamental  units  of  time,  space,  and 
mass;,  and  when  reduced  to  these  fundamental  units,  it  will  be 
found  that  the  measurement  of  R  involves  simply  a  velocity,  i.e. 
the  quotient  of  a  length  by  a  time.  It  is  for  this  reason  that  the 

,   ,    ,    metre  foot 

absolute  measure  of  resistance  is  styled  -      — ,  or  -      — = ,  pre- 

second        second 

cisely  as  the  common  non-absolute  unit  of  work  involving  the 
product  of  a  weight  into  a  length  is  styled  kilogrammetre  or 
foot-pound.  The  Committee  have  chosen  as  fundamental  units 
the  second  of  time,  the  metre,  and  the  mass  of  the  Paris  gramme. 
The  metrical  rather  than  the  British  system  of  units  was  selected, 
in  the  hope  that  the  new  unit  might  so  find  better  acceptance 
abroad,  and  with  the  feeling  that  while  there  is  a  possibility  thati 
we  may  accept  foreign  measures,  there  is  no  chance  that  th< 
Continent  will  adopt  ours.  The  unit  of  force  is  taken  as  th< 
force  capable  of  producing  in  one  second  a  velocity  of  one  metre 
per  sQcond  in  the  mass  of  a  Paris  gramme,  and  the  unit  of  work 
as  that  which  would  be  done  by  the  above  force  acting  through 
one  metre  of  space.  These  points  are  very  fully  explained  in  the 
British  Association  Report  for  1863,  and  in  the  Appendix  C  to 
that  Report  by  Professor  J.  Clerk  Maxwell  and  the  writer. 

The  magnitude  of  the  -      — r  is  far  too  small  to  be  practically 

convenient,  and  the  Committee  have  therefore,  while  adopting  the 
system,  chosen  as  their  jtaadard  a  decimal  multiple  1010  times  as 

millimetre\ 

great  as  Weber  s  unit  the  —  —, —  ,  or  107  times  as  great  as 
° V second  /  6 

the  -      '      .     This  magnitude  is  not  very  different  from  Siemens's 


mercury  unit,  which  has  been  found  convenient  in  practice.  It  is 
about  the  twenty-fifth  part  of  the  mile  of  No.  16  impure  copper 
wire  used  as  a  standard  by  the  Electric  and  International  Com- 
pany, and  about  once  and  a  half  Jacobi's  unit*. 

Itvas  found  necessary  to  nnd^rfo.kft  entirely  fresh_  expejriinents^ 


*  This  last  number  may  be  30  per  cent,  wrong,  as  the  writer  has  never  been  in 
possession  of  an  authenticated  Jacobi  standard,  and  has  only  arrived  at  a  rough 
idea  of  its  value  by  a  series  of  published  values  which  afford  an  indirect  comparison. 
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jn  orderjio  determine  the  actual  value  of  tfhft  abstract  standard, 

and  to  express  the  same  in  a  material  standard  which  might  form 
the  basis  of  sets  of  resistance-coils  to  be  used  in  the  usual 
manner.  These  experiments,  made  during  two  years  with  two 
distinct  sets  of  apparatus  by  Professor  J.  C.  Maxwell  and  the 
writer,  according  to  a  plan  devised  by  Professor  W.  Thomson,  are- 
fully  described  in  the  Reports  to  the  British  Association  for  1863 
and  1864. 

The  results  of  the  two  series  of  experiments  made  in  the  two 
years  agree  within  0'2  per  cent.,  and  they  show  that  the  new^ 
standard  .does,  not  probably  differ  from  true  absolute  measure  by_ 
01  per  cent.*     It  is  not  far  from  the  mean  of  a  somewhat  widely 
3i5ering~series  of  determinations  by  Weber. 

In  order  to  avniH  tjip  inp.oiLgfvmence  of  a  fluctuating  standard. 
jt  is  proposed  tl>at  thft  TIP.W  at,a.ndaj-d  shaJLoot  be  called  "  absolute 

measure,"  or  described  as  so  many  -     - — =-  ,  but  that  it  shall  receive 

J  seconds 

a  distinctive  name,  such  as  the  B.A.  unit,  or,  as  Mr  Latimer  Clark 
Suggests,  the  "Ohmad"f;  so  that,  if  hereafter  improved  methods 
f  determination  in  absolute  measure  are  discovered  or  better 
xperiments  made,  the  standard  need  not  be  changed,  but  a  small 
coefficient  of  correction  applied  in  those  cases  in  which  it  is 
^necessary  to  convert  the  B.A.  measure  into  absolute  measure. 
Every  unit  in  popular  use  has  a  distinctive  name ;  we  say  feet  or 
grains,  not  units  of  length  or  units  of  weight ;  and  it  is  in  this 
way  only  that  ambiguity  can  be  avoided.  There  are  many  absolute 
measures,  according  as  the  foot  and  grain,  the  millimetre  and 
milligramme,  the  metre  and  gramme,  etc.  are  used  as  the  basis  of 
the  system.  Another  chance  of  error  arises  from  the  possibility 

of  a  mistake  in  the  decimal  multiple  used  as  standard.     For  alllVi 

. 
these  reasons,  as  well  as  for  convenience  of  expression,  the  writer!  I 

would  be  glad  if  Mr  Clark's  proposal  were  adopted  and  the  uniiJ 
called  an  Ohmad. 

Experiments  have  been  made  for  the  Committee  by  Dr 
Matthiessen,  to  determine  how  far  the  permanency  of  material 
standards  may  be  relied  on,  and  under  what  conditions  wires  un- 
altered in  dimension,  in  chemical  composition,  or  in  temperature 
change  their  resistance.  Dr  Matthiessen  has  established  that  in 

*  Vide  Appendix  B. 

t  Note,  1873.     The  name  Ohm  has  been  adopted. 
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some  metals  a  partial  annealing,  diminishing  their  resistance, 
does  take  place,  apparently  due  to  age  only.  Other  metals 
exhibit  no  alteration  of  this  kind ;  and  no  permanent  change  due 
to  the  passage  of  voltaic  currents  has  been  detected  in  any  wires 
of  any  metal — a  conclusion  contrary  to  a  belief  which  has  very 
generally  prevailed. 

^The  standard  obtained  has  been  expressed  in  platinum,  in  a 
gold-silver  alloy,  in  a  platinum-silver  alloy,  in  a  platinum-iridium 
alloy,  and  in  mercury.  Two  equal  standards  have  been  prepared 
in  eacli  metal ;  so  that  should  time  or  accident  cause  a  change  in  - 
one  or  more,  this  change  will  be  detected  by  reference  to  the 
others.  The  experiments  and  considerations  which  have  led  to 
the^clioice  of  the  above  materials  are  fully  given  in  the  Report  to 
the  British  Association  for  1864.  The  standards  of  solid  metals 
are  wires  of  from  0'5  millim.  to  0'8  millim.  diameter,  and  varying 
from  one  to  two  metres  in  length,  insulated  with  white  silk 
wound  round  a  long  hollow  bobbin,  and  then  saturated  with  solid 
paraffin.  The  long  hollow  form  chosen  allows  the  coils  rapidly 
to  assume  the  temperature  of  any  surrounding  medium,  and  they 
can  be  plunged,  without  injury,  into  a  bath  of  water  at  the 
temperature  at  which  they  correctly  express  the  standard.  The 
mercury  standards  consist  of  two  glass  tubes  about  three-quarters 
of  a  metre  in  length.  All  these  standards  are  equal  to  one  another 
at  some  temperature  stated  on  each  coil,  and  lying  between  14°'5 
and  16° '5  C.  None  of  them,  when  correct,  differ  more  than  0'03 
per  cent,  from  their  value  at  15° '5  C. 

Serious  errors  have  occasionally  been  introduced  into  observa- 
tions by  resistance  at  connexions  between  different  parts  of  a 
voltaic  circuit,  as  perfect  metallic  contact  at  these  points  is  often 
prevented  by  oxide  or  dirt  of  some  kind.  Professor  Thomson's 
method  of  inserting  resistances  in  the  Wheatstone  balance  (dif- 
ferential measurer)  has  been  adopted  for  the  standards ;  but  in  the 
use  of  the  copies  which  have  been  issued  it  has  been  thought  that 
Sufficient  accuracy  would  be  attained  by  the  use  of  amalgamated 
mercury  connexions. 

In  the  standards  themselves  permanence  is  the  one  paramount 
quality  to  be  aimed  at ;  but  in  copies  for  practical  use  a  material 
which  changes  little  in  resistance  with  change  of  temperature  is 
very  desirable,  as  otherwise  much  time  is  lost  in  waiting  till  coils 
have  cooled  after  the  passage  of  a  current ;  moreover  large  correc- 
tions have  otherwise  to  be  employed  when  the  coils  are  used  at 
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various  temperatures ;  and  these  temperatures  are  frequently  not 
known  with  perfect  accuracy.  German-silver,  a  suitable  material 
in  this  respect,  and  much  used  hitherto,  has  been  found  to  alter 
in  resistance,  in  some  cases,  without  any  known  cause  but  the 
lapse  of  time,  since  the  change  has  been  observed  where  the  wires 
were  carefully  protected  against  mechanical  or  chemical  injury. 
A  platinum-silver  alloy  has  been  preferred  by  the  Committee  to 
German-silver  for  the  copies  which  have  been  made  of  the 
standard.  These  have  been  adjusted  by  Dr  Matthiessen  so  as  to 
be  correct  at  some  temperature  not  differing  more  than  1°  from 
15°'5d  The  resistance  of  platinum  silver  changes  about  O031 
per  cent,  for  each  degree  Centigrade  within  the  limits  of  5°  above 
and  below  this  temperature ;  this  change  is  even  less  than  that  of 
German-silver.  The  new  material  seems  also  likely  to  be  very 
permanent,  as  it  is  little  affected  by  annealing.  Ihe  form  of  the 
copies  isjbhe_same  as  that  of  the  standard,  with  the  exception  of 
the  terminals,  which  are  simple  copper  rods  ending  in_.an  amal- 
gamated  surface.  Twenty  copies  have  been  distributed  gratis, 
and  notices  issued  that  others  can  be  procured  from  the  Committee 
for  £2.  10s.  The  Committee  also  propose  to  verify,  at  a  small 
charge,  any  coils  made  by  opticians,  as  is  done  for  thermometers 
and  barometers  at  Kew. 

Dr  Matthiessen  reports,  with  reference  to  the  question  of 
reproduction,  that  given  weights  and  dimensions  of  several  pure 
metals  might  be  employed  for  this  purpose  if  absolute  care  were 
taken.  The  reproduction,  in  this  manner,  of  the  mercury  unit,  as 
defined  by  Dr  Siemens,  differs  from  the  standards  issued  by  him 
in  1864  about  8*2  per  thousand  if  the  same  specific  gravity  of 
mercury  be  used  for  both  observations*.  Each  observer  uses  for 
his  final  value  the  mean  of  several  extremely  accordant  results. 
It  is  therefore  to  be  hoped  that  the  standard  will  never  have  to 
be  reproduced  by  this  or  any  similar  method.  On  the  other  hand, 
four  distinct  observers,  with  four  different  apparatus,  using  four 
different  pairs  of  standards  issued  respectively  by  Dr  Siemens 
and  the  Committee,  give  the  B.A.  unit  as  respectively  equal  to 
1-0456,  1-0455,  1-0456,  and  1*0457  of  Siemens's  1864  unitf.  It 
is  certain  that  two  resistances  can  be  compared  with  an  accu- 
racy of  one  part  in  one  hundred  thousand — an  accuracy  wholly 

*  If  Dr  Matthiesseii  uses  the  sp.  gr.  of  13*596,  as  given  by  Regnault,   the 
difference  from  Dr  Siemens's  standard  is  5  per  thousand, 
t  1873.     The  value  now  adopted  is  1-04SG. 
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unattainable  in  any  reproduction  by  weights  and  measures  of  a 
given  body,  or  by  fresh  reference  to  experiments  on  the  absolute 
resistance.  The  above  four  comparisons,  two  of  which  were  made 
by  practical  engineers,  show  how  far  the  present  practice  and 
requirements  differ  from  those  of  twenty  and  even  ten  years  ago, 
when,  although  the  change  of  resistance  due  to  change  of  tem- 
perature was  known,  it  was  not  thought  necessary  to  specify  the 
temperature  at  which  the  copper  or  silver  standard  used  was  correct. 
The  difficulty  of  reproducing  a  standard  by  simple  reference  to  a 
pure  metal,  further  shows  the  unsatisfactory  nature  of  that  system 
in  which  the  conducting  power  of  substances  is  measured  by  com- 
parison with  that  of  some  other  body,  such  as  silver  or  mercury. 
Dr  Matthiessen  has  frequently  pointed  out  the  discrepancies  thus 
produced,  although  he  has  himself  followed  the  same  system 
pending  the  final  selection  of  a  unit  of  resistance.  It  is  hoped 
that  for  the  future  this  quality  of  materials  will  always  be  ex- 
pressed as  a  specific  resistance  or  specific  conducting  power  referred 
to  the  unit  of  mass  or  the  unit  of  volume,  and  measured  in  terms 
of  the  standard  unit  resistance,  that  the  words  conducting  power 
will  invariably  be  used  to  signify  the  reciprocal  of  resistance,  and 
that  the  vague  terms  good  and  bad  conductor  or  insulator  will  be 
replaced,  in  all  writings  aiming  at  scientific  accuracy,  by  those 
exact  measurements  which  can  now  be  made  with  far  greater  ease 
than  equally  accurate  measurements  of  length. 

There  is  every  reason  to  believe  that  the  new  standard  will 
be  gladly  accepted  throughout  Great  Britain  and  the  colonies. 
Indeed  the  only  obstacle  to  its  introduction  arises  from  the  diffi- 
culty of  explaining  to  iTiqiii>er^_what_the  unit  is.  The  writer  has 
been  so  much  perplexed  by  this'Simple  question,  finding  himself 
unable  to  answer  it  without  entering  at  large  on  the  subject  of 
electrical  measurement,  that  he  has  been  led  to  devise  the  follow- 
ing definitions,  in  which  none  but  already  established  measures 
are  referred  to. 

f>        The  resistance  of  the  absolute — . .  is  such  that  the  current 

second 

generated  in  a  circuit  of  that  resistance  by  the  electromotive  force 

due  to  a  straight  bar  1  metre  long  moving  across  a  magnetic  field 

I  jof  unit  intensity*,  perpendicularly  to  the  lines  of  force  and  to  its 

own  direction,  with  a  velocity  of  1  metre  per  second,  would,  if 

*  Gauss's  definition. 
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doing  no  other  work  or  equivalent  of  work,  develop  in  that  circuit 
in  one  second  of  time  a  total  amount  of  heat  equivalent  to  one 
absolute  unit  of  work — or  sufficient  heat,  according  to  Dr  Joule's 
experiments,  to  heat  0  "0002405  gramme  of  water  at  its  maximum 
density  1°  Centigrade. 

The  new  standard  issued  is  as  close  an  approximation  as  could 
be  obtained  by  the  Committee  to  a  resistance  ten  million  times 

as  great  as  the  absolute  -        -5 .     The  straight  bar   moving  as 

second  \ 

described  above  in  a  magnetic  field  of  unit  intensity  would  require 
to  move  with  a  velocity  of  ^ten  millions  of  meires_per_gecond  to 
produce  an  electromotive  force  which  would  gener&tfiuiii  JL.  circuit 
of  the  resistance  of  the  new  standard  the  same  current  as  would 

be  produced  in  the  circuit  of  one  -        -,  resistance  by  the  electro- 
second 

motive  force  due  to  the  motion  of  the  bar  at  a  velocity  of  one 
metre  per  second.  The  velocity  required  to  produce  this  particular 
current*  being  in  each  case  proportional  to  the  resistance  of  the 
circuit,  may  be  used  to  measure  that  resistance ;  and  the  resistance 
of  the  B.A.  unit  may  therefore  be  said  to  be  ten  millions  of  metres 

1  _  metres 

per  second,  or  10'  —     — r . 
second 

It  is  feared  that  these  statements  are  still  too  complex  to  fulfil 
the  purpose  of  popular  definitions ;  but  they  may  serve  at  least  to 
show  how  a  real  velocity  may  be  used  to  measure  a  resistance  by 
using  the  velocity  with  which,  under  certain  circumstances,  part 
of- a  circuit  must  be  made  to  move  in  order  to  induce  a  given 
current  in  a  circuit  of  the  resistance  to  be  measured.  That 
current  in  the  absolute  system  is  the  unit  current,  and  the  work 
done  by  that  unit  current  in  the  unit  of  time  is  equal  to  the 
resistance  of  the  circuit,  as  results  from  the  first  equation  stated 
above. 

Those  who  from  this  slight  sketch  may  desire  to  know  more 
of  the  subject  will  find  full  information  in  the  Reports  of  the 
Committee  to  the  British  Association  in  1862,  1863,  and  1864. 
The  Committee  continue  to  act  with  the  view  of  establishing  and 

*  This  current  is  the  unit  current,  and,  if  doing  no  other  work  or  equivalent  of 
work,  would  develop,  in  a  circuit  of  the  resistance  of  the  B.A.  unit,  heat  equivalent 
to  ten  millions  of  units  of  work,  or  enough  to  raise  the  temperature  of  2405  grammes 
of  water  at  its  maximum  density  1°  Centigrade. 
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issuing  the  correlative  units  of  current,  electromotive  force, 
quantity,  and  capacity,  the  standard  apparatus  for  which  will,  it 
is  proposed,  be  deposited  at  Kew  along  with  the  ten  standards 
of  resistance  already  constructed  with  the  funds  voted  by  the 
Royal  Society. 

APPENDIX  B. 

The  following  Table  shows  the  degree  of  concordance  obtained 
in  the  separate  experiments  used  to  determine  the  unit.     The 


1. 

2. 

3. 

4. 

Value  of  B.  A.  unit  in 

Time  of  100 
revolutions  of  coil, 

terms  of  10*  metrCS 

Value  from  mean 
of  each  pair  of 

Percentage  error  of 
pair  of  observations 

IcIJUo  (_)I   J.U             •"  ~     _  , 

second 

in  seconds             as  calculated  from 

experiments 

from  mean  value 

each  experiment 

17-54 
17-58 

1-0121) 
0-9836  ( 

0-9978 

-0'22 

77-62 
76-17 

1-0468) 
0-9613J 

1-0040 

+  0-28 

53-97 
54-53 

0-9985  1 
0-9998  1 

0-9992 

-0-08 

41-76 
41-79 

0-9915) 
0-9936! 

0-9925 

-0-75 

54-07 
53-78 

0-9961  1 
0-98861 

0-9924 

-0-76 

17-697 
17-783 

0-9878  1 
1-01361 

1-0007 

+  0-07 

17-81 
17-78 

0-9952  1 
1-0174) 

1-0063 

+  0-63 

17'01 

-I    ./-V-l    Q-l      | 

16-89 

0-9895) 

1-0043 

+  0-43 

21-35 

21-38 

1-0034  1 

1-0011) 

1-0022 

+  0-22 

21-362 
21-643 

0-9968  1 
1-00961 

1-0040 

+0-40 

11-247 
16-737 

1-0424! 
0-9707) 

0-9981 

-0-19 

Probable  error  of  R  (1864)  =01    per  cent. 

Probable  error  of  J?  (1863)  =  0'24 

Difference  in  two  values  1864  and  1863  =  016 
Probable  error  of  two  experiments =  0'08         „ 

determinations  were  made  by  observing  the  deflections  of  a  certain 
magnet  when  a  coil  revolved  at  a  given  speed,  first  in  one  direc- 
tion, and  then  in  the  opposite  direction.     The  first  column  shows 
B.  A.  19 
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the  speed  in  each  experiment ;  the  second  shows  the  value  of  the 

B.A.  unit  in  terms  of  107  -       ^ ,  as  calculated  from  the  single 

second 

experiments.  A  difference  constantly  in  one  direction  may  be 
observed  in  the  values  obtained  when  the  coil  revolved  different 
ways.  This  difference  depended  on  a  slight  bias  of  the  suspending 
thread  in  one  direction.  The  third  column  shows  the  value  of  the 
B.A.  unit  calculated  from  the  pair  of  experiments;  the  fourth 
shows  the  error  of  the  pair  from  the  mean  value  finally  adopted. 
In  the  final  mean  adopted,  the  1864  determination  was  allowed 
five  times  the  weight  allowed  to  that  of  1863. 


SEVENTH  EEPORT— LIVERPOOL,    1870. 

THE  Committee  are  unable  to  report  any  material  progress 
during  the  last  year  in  the  work  which  remains  to  be  done,  and 
beg  leave  to  suggest  that  this  work  may  probably  be  more 
effectually  expedited  by  the  appointment  of  several  small  Com- 
mittees than  by  retaining  the  large  but  somewhat  cumbrous 
organization  by  which  their  work  was  commenced.  When  the 
Committee  were  first  appointed,  no  coherent  system  of  units  for 
the  measurement  of  electrical  resistance,  currents,  quantity, 
capacity,  or  electromotive  force  had  met  with  general  acceptance. 
The  so-called  absolute  system  existed  indeed  on  paper,  but  in  far 
too  intangible  a  form  to  be  either  understood  or  used  by  practical 
men.  At  the  same  time,  proposals  for  the  adoption  of  isolated 
units,  variously  determined,  had  been  carried  out,  with  more  or 
less  success,  so  as  to  meet  in  some  degree  the  immediate  require- 
ments of  telegraphy.  Many  competing  units  of  this  nature  were 
in  the  field.  The  Committee  chose  a  system  based  on  the  abso- 
lute measure,  and  so,  at  least  as  far  as  electrical  resistance  was 
concerned,  made  this  measurement  a  tangible  and  practical  opera- 
tion; and  their  choice  has  been  ratified  by  men  of  science  over 
a  great  portion  of  the  globe.  Copies  of  the  unit  of  resistance 
adopted  by  the  Committee  in  1864  were  deposited  at  the  Kew 
Observatory;  and  others  exist  in  the  hands  of  electricians  in 
various  parts  of  the  world.  Comparisons  of  several  of  the  copies, 
which  were  published  in  the  Report  of  the  Committee  for  1867, 
showed  that,  with  one  or  two  exceptions,  the  ratio  of  their  resist- 
ances remained  unchanged.  It  is,  however,  desirable  that  addi- 
tional comparisons  should  be  made  from  time  to  time.  Incidentally 
many  researches  of  considerable  value  were  carried  out  by  the 
members  of  the  Committee ;  and  the  yearly  reports  have  been  so 
generally  in  request  that  it  may  be  advisable  to  reprint  the  entire 
series. 

19—2 
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No  second  unit,  however,  has  been  issued  by  the  Committee, 
although  apparatus  for  the  determination  of  the  units  of  capacity, 
quantity,  potential,  and  intensity  of  current  have  been  con- 
structed, both  with  the  funds  of  the  Association  and  from  the 
private  means  of  its  members.  The  great  numbers  of  the  Com- 
mittee render  meetings  of  rare  occurrence ;  and  the  Sub-com- 
mittees appointed  to  undertake  the  work  have  been  lately  remiss 
in  its  execution  ;  the  Committee,  believing  that  direct  responsi- 
bility to  the  Association  and  greater  freedom  of  action  will  act 
as  a  stimulus  to  individual  members,  beg  to  suggest  that  the 
Electrical  Standards  Committee  be  not  reappointed,  but  that 
three  new  Committees  of  smaller  numbers  be  chosen,  to  determine 
and  issue :  1st,  a  condenser  representing  the  unit  of  capacity ; 
2nd,  a  gauge  for  showing  the  unit  difference  of  potential ;  3rd,  an 
electrodynamometer  adapted  to  measure  the  intensity  of  currents 
in  a  decimal  multiple  of  the  absolute  measure. 

They  would  also  suggest  that  it  be  an  instruction  to  each 
Committee  that  it  shall  carry  out  the  system  adopted  by  the 
Electrical  Standards  Committee,  and  that  these  new  Committees 
shall  have  the  use  of  all  instruments  hitherto  constructed  with 
the  funds  of  the  Association,  a  list  of  which  is  appended  (in 
account  book). 

Considering  that  the  principal  instruments  have  alreadjr  been 
constructed,  the  Committee  believe  that  a  small  grant  of,  say,  £20 
to  each  Committee,  will  be  sufficient  to  meet  the  expenses  of  the 
next  year. 

In  conclusion,  should  this  suggestion  be  adopted,  they  beg  to 
recommend  that  a  volume,  containing  the  complete  series  of 
reports,  be  issued  by  the  Association,  and  sold  to  the  public, 
feeling  assured,  from  the  demand  for  isolated  copies,  that  such  an 
issue  would  involve  no  expense  to  the  Association. 

NOTE.  The  suggestion  that  the  Electrical  Standards  Committee  be  not  re- 
appointed  was  approved  in  1870  by  the  General  Committee  of  the  British  Association. 
In  1880  several  members  of  the  Association  asked  for  the  reappointment  of  the. 
Standards  Committee  and  this  was  done. 


EIGHTH   REPORT— YORK,   1881. 

IT  appeared  to  the  Committee  that  in  order  to  perform  the 
task  entrusted  to  them,  they  had  two  principal  questions  to 
consider :  First,  to  select  or  prepare  a  well-defined  standard  of 
accurately  known  absolute  value  for  each  kind  of  magnitude ;  and, 
secondly,  to  take  measures  for  making  certified  copies  of  each  of 
the  adopted  standards  accessible  to  the  public. 

The  standard  magnitudes  which  the  Committee  have  had 
under  consideration  as  yet  are — 

1.  The  Standard  of  Resistance. 

2.  The  Standard  of  Capacity. 

3.  The  Standard  of  Electromotive  Force. 

As  to  the  first  of  these,  the  standard  of  Resistance,  the  Com- 
mittee were  of  opinion  that,  in  view  of  the  discrepant  results 
obtained  by  experimenters  who  have  re-examined  the  absolute 
resistance  of  the  B.A.  unit,  it  might  be  well  to  reconsider  the 
question  whether  the  "  ohm "  should  be  defined  by  reference  to 
a  particular  coil  of  wire  preserved  as  a  concrete  standard,  or 
whether  the  term  "  ohm  "  should  be  understood  to  mean  a  resist- 
ance of  109  c.  G.  s.  units.  They  were  also  of  opinion  that  it  was 
desirable  to  continue  the  experimental  investigation  of  the  abso- 
lute resistance  of  the  existing  standards. 

The  repetition  of  the  determination  with  the  original  apparatus, 
by  Lord  Rayleigh  and  Professor  Schuster  in  the  Cavendish  Labora- 
tory, has  gone  far  to  supply  this  requirement.  Experiments  by 
another  method  have  also  been  carried  on  by  Professor  G.  C. 
Foster  in  the  Physical  Laboratory  of  University  College,  London. 
Some  account  of  these  experiments  is  given  in  Appendix  I.  to 
this  Report,  but  the  results  hitherto  obtained  can  only  be  regarded 
as  preliminary.  With  regard  to  the  issue  of  authorised  copies  of 
the  ohm  for  general  use,  the  Committee  did  not  see  their  way  to 
making  arrangements  for  actual  construction  of  standard  coils. 
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They  were  of  opinion  that  it  would  be  best  to  limit  their  action 
to  drawing  up  a  detailed  specification  for  the  construction  of 
standard  resistance  coils,  and  to  arranging  for  the  systematic 
testing  of  coils  which  are  certified  to  them  as  being  made  in 
accordance  with  this  specification,  issuing  certificates  showing 
their  actual  resistance.  Such  a  system  would  be  analogous  to  the 
system  adopted  by  the  Kew  Committee  for  the  testing  of  metero- 
logical  instruments  at  the  Kew  Observatory.  It  has  not  yet  been 
settled  by  whom  this  duty  should  be  undertaken. 

An  important  point  of  detail  connected  with  the  practical 
construction  and  use  of  standard  coils  has  been  investigated  by 
Mr  Herbert  Taylor.  The  material  adopted  by  the  former  Com- 
mittee for  the  wire  of  the  standards  issued  by  them,  was  an  alloy 
of  platinum  and  silver,  containing  one  part  platinum  to  two  of 
silver ;  and  the  same  material  is  very  often  used  for  the  coils  in 
the  "  resistance-boxes  "  issued  by  instrument-makers.  One  special 
reason  for  the  selection  of  this  alloy  for  the  purpose  named  is  its 
small  temperature-rate  of  variation  of  resistance, — 0*031  per  cent, 
per  degree,  according  to  the  late  Dr  Matthiessen.  Mr  Taylor  has 
now  found  that  the  rate  of  variation  of  resistance  of  wire  made  of 
this  alloy  depends  upon  the  diameter  of  the  wire,  the  percentage 
amount  for  one  degree  varying  from  0'0299  for  a  wire  nearly 
7.  mi  Him.  in  diameter  to  0*0231  for  a  wire  of  diameter  0168  niillim. 
A  detailed  account  of  Mr  Taylor's  experiments  forms  Appendix  II. 
to  this  Report. 

With  regard  to  standards  of  Capacity,  the  Committee  are 
able,  thanks  to  the  zealous  co-operation  of  one  of  their  number, 
to  report  somewhat  more  complete  arrangements,  Dr  Muirhead 
having  undertaken  for  the  present  to  make  and  issue  Standard 
Condensers  adjusted  in  accordance  with  one  whose  absolute 
capacity  has  been  determined  by  himself  and  Mr  Hockin.  (Brit. 
Assoc.  Rep.  1879,  pp.  283  and  285.) 

With  a  view  to  testing  the  permanency  of  condensers  made 
with  mica,  paraffined  paper,  or  other  solid  insulators,  Dr  Muirhead 
is  also  having  constructed  a  large  air- condenser. 

In  reference  to  the  standard  of  Electromotive  Force)  the  Com- 
mittee have  had  to  consider  whether  this  ought  to  be  based  upon 
a  particular  combination  of  chemicals,  forming  a  galvanic  cell  of 
definite  electromotive  force,  such,  for  instance,  as  a  Daniell's  cell, 
constructed  in  a  specified  manner  from  materials  of  guaranteed 
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purity,  or  the  cell  introduced  by  Mr  Latimer  Clark  (Proc.  Roy. 
Soc.  xx.  444),  or  whether  they  should  not  rather  aim  at  the  con- 
struction of  some  convenient  form  of  electrometer  capable  of 
indicating  with  sufficient  accuracy  an  electromotive  force  of  about 
a  volt.  The  first  plan  would  be  comparable  with  a  supply  of  ice 
and  boiling  water  as  affording  a  standard  interval  of  temperature ; 
the  second  would  be  comparable  with  a  thermometer  showing  the 
two  limits  of  the  standard  interval. 

The  Committee  are  not  yet  prepared  to  make  a  final  recom- 
mendation as  to  either  method  of  embodying  the  standard  electro- 
motive force,  though  they  are  strongly  inclined  to  believe  that 
an  electrometer  or  gauge,  capable  of  showing  when  a  definite 
electromotive  force  has  been  developed,  by  whatever  means,  will 
ultimately  be  found  more  satisfactory  than  any  system  in  which 
the  constancy  of  an  electromotive  force  is  inferred  from  the 
supposed  constancy  of  the  conditions  under  which  it  has  been 
developed. 

Another  question  of  a  more  general  kind,  which,  though  it 
may  not  be  of  much  immediate  practical  importance,  will  eventually 
have  to  be  carefully  considered,  has  occupied  the  attention  of  the 
Committee  to  some  extent.  It  is  the  question  as  to  what  concrete 
standards  should  finally  be  recognised  as  fundamental  standards. 
Supposing  that  we  already  had  independent  standards  of  Resist- 
ance, Capacity,  Electromotive  Force,  Quantity,  and  Current  Strength, 
each  of  them  defined  with  all  the  accuracy  that  our  present 
experimental  methods  admit  of,  they  would  infallibly  be  found  to 
exhibit  small  discrepancies  when  compared  together.  For  in- 
stance, the  current  of  standard  strength  would  not  be  exactly  the 
same  as  that  produced  by  the  standard  electromotive  force  acting 
in  the  circuit  of  the  standard  resistance,  and  we  should  then  have 
to  consider  which  of  the  three  standards  was  to  be  corrected  so  as 
to  bring  it  into  harmony  with  the  other  two. 

Similarly,  in  the  case  of  the  other  electrical  magnitudes.  The 
known  relations  between  these  are  sufficient  to  enable  us  to  define 
the  unit  of  any  one  of  the  five  magnitudes  just  mentioned  in 
terms  of  the  units  of  any  two  of  the  rest.  Hence  it  appears  that 
the  electrical  standards  of  ultimate  authority  cannot  be  more  than 
two  in  number,  and  it  will  have  to  be  decided  which  pair  of  con- 
crete standards  are  to  be  recognised  as  ultimate  or  fundamental, 
and  what  are  to  be  left  to  be  defined  by  reference  to  them. 
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A  further  question  arising  out  of  the  mutual  relations  of  the 
fundamental  units  was  that  of  the  magnitude  of  the  practical  units 
to  which  distinctive  names  should  be  attached.  The  present 
usage  with  respect  to  this  matter  is  that  a  resistance  of  109  c.  G.  s. 
units  is  called  an  Ohm ;  an  electromotive  force  of  108  c.  G.  s.  units 
is  called  a  Volt;  and  the  current  produced  by  a  Volt  acting 
through  an  Ohm,  that  is  to  say,  a  current  of  108  -f- 109  or  0*1  C.  G.  S. 
unit  is  called  a  Weber.  In  the  opinion  of  the  Committee  it  was 
considered  highly  desirable,  from  a  scientific  point  of  view,  that 
the  relations  among  these  standards  should  be  simplified  by  de- 
nning them  as  follows  : — 

Ohm     =  109  C.  G.  s.  units  of  resistance. 

Volt     =  108  c.  G.  s.  units  of  electromotive  force. 

Weber  =  1  c.  G.  s.  unit  of  current. 

It  was  felt,  however,  that  any  recommendation  involving  a 
change  in  the  value  attached  to  terms  which  are  rapidly  coming 
into  extensive  use  among  practical  electricians,  might  give  rise  to 
serious  inconvenience.  Therefore,  although  with  regard  to  the 
scientific  aspect  of  this  proposal  the  Committee  were  decidedly  in 
favour  of  the  change,  they  felt  that  a  public  recommendation  could 
not  well  be  made  until  the  practical  inconveniences  likely  to  follow 
had  been  very  carefully  investigated. 


APPENDIX  I. 

Account  of  Preliminary  Experiments  on  the  Determination  of 
Electrical  Resistances  in  Absolute  Measure.  By  Professor 
G.  CAREY  FOSTER,  F.R.S. 

The  experiments  to  be  described  in  what  follows  were  made 
in  the  Physical  Laboratory  of  University  College,  London.  The 
principle  of  the  method  employed  is  essentially  the  same  as  that 
of  the  method  long  ago  pointed  out  by  Sir  William  Thomson,  and 
adopted  by  the  first  Committee  of  this  Association  upon  Electrical 
Standards  in  their  experiments  of  1863  and  1864,  as  well  as  by 
Lord  Rayleigh  in  the  repetition  of  these  experiments  recently 
carried  out  by  him  in  conjunction  with  Professor  Schuster. 
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Every  absolute  measurement  of  resistance  is,  by  the  nature  of 
the  case,  fundamentally  the  determination  of  the  ratio  of  an 
electromotive  force  to  the  strength  of  the  current  which  it  pro- 
duces in  the  conductor  whose  resistance  is  to  be  measured.  In 
Sir  William  Thomson's  methods,  as  is  well  known,  the  electro- 
motive force  is  due  to  the  action  of  the  earth's  magnetism  upon  a 
coil  of  wire  spinning  about  a  vertical  diameter,  and  its  numerical 
value  is  known  from  the  rate  at  which  the  coil  spins,  the  total 
area  enclosed  by  its  windings,  and  the  intensity  of  the  horizontal 
component  of  the  earth's  magnetism.  The  electromotive  force 
generates  a  current  in  the  coil,  the  strength  of  which  is  known 
from  the  deflection  of  a  small  magnet,  hung  at  the  centre  of  the 
coil,  and  from  the  intensity  of  the  earth's  horizontal  magnetic 
force.  This  last  factor,  entering  similarly  into  the  expressions  for 
the  electromotive  force  and  for  the  current,  disappears  from  their 
ratio,  which  gives  in  absolute  measure  the  resistance  of  the  wire 
forming  the  revolving  coil. 

Fig.  1. 


In  the  method  now  to  be  described  there  is  again  an  electro- 
motive force  generated  in  a  revolving  coil,  just  as  in  Sir  William 
Thomson's  method,  but  the  current  is  measured  by  an  independent 
galvanometer,  and  the  conductor,  whose  resistance  is  given  by  the 
experiments,  is  entirely  distinct  from  the  revolving  coil.  So  far 
as  this  method  possesses  any  particular  advantages  they  arise  from 
the  circumstance  last  mentioned.  The  conductor  of  which  the 
resistance  is  measured  being  at  rest,  it  may  be  a  coil  of  wire  of 
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any  material,  wound  in  whatever  way  may  be  most  convenient  ; 
and  it  may  be  immersed  in  a  bath  of  liquid  so  as  to  keep  it  at  an 
accurately  known  temperature.  Moreover,  several  independent 
coils  of  different  resistances  can  be  experimented  upon  one  after 
another,  and  the  resistance  of  each  determined. 

The  nature  of  the  method  and  the  arrangement  of  the  essential 
parts  of  the  apparatus  may  be  explained  by  help  of  the  adjoining 
figure.  In  this,  R  stands  for  the  wire,  of  which  the  resistance  is  to 
be  measured  ;  and  P  for  a  thermopile  whereby  a  current  is  produced 
through  R  and  through  a  tangent-  galvanometer  G.  The  ends  of  the 
wire  of  the  revolving  coil  C  are  connected,  through  a  commutator  K 
upon  the  axle,  with  the  ends  of  the  wire  R,  a  delicate  reflecting 
galvanometer  g,  called  in  what  follows  the  zero-galvanometer,  being 
interposed  on  one  side  of  the  commutator.  When  the  speed  of  the 
coil  is  so  adjusted  that  the  zero-galvanometer  is  not  deflected,  the 
electromotive  force  developed  in  the  coil  by  the  magnetism  of  the 
earth  is  equal  to  the  electromotive  force  exerted  by  the  thermopile 
between  the  ends  of  the  conductor  R.  Consequently,  the  resist- 
ance of  this  conductor  is  obtained  in  absolute  measure  by  dividing 
the  electromotive  force  of  the  coil  by  the  strength  of  the  current 
indicated  by  the  tangent-galvanometer. 

This  result  may  be  expressed  in  terms  of  the  experimental 
data,  as  follows.  Let  A  be  the  total  area  included  by  all  the  con- 
volutions of  the  revolving  coil  —  that  is,  the  sum  of  the  areas 
included  by  all  the  turns  taken  severally,  Hc  the  horizontal 
magnetic  intensity  at  the  place  occupied  by  the  coil,  co  the  angular 
velocity  of  the  coil,  and  2  a  the  arc  of  contact  made  by  the  commu- 
tator, then  E,  the  electromotive  force  of  the  coil,  is 

sin  a 


Again,  if  T  is  the  strength  of  the  magnetic  field  produced  at  the 
centre  of  the  tangent-galvanometer,  where  the  needle  is  hung,  by 
a  current  of  unit  strength  flowing  through  the  galvanometer, 
HG  the  horizontal  intensity  of  the  earth's  magnetic  field  at  the 
same  point,  and  0  the  deflection  of  the  galvanometer,  the  strength 
C  of  the  current  in  the  galvanometer,  and  therefore  also  in  the 
wire  R,  is 
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Hence,  putting  p  for  the  resistance  to  be  measured,  that  of  the 

wire  R,  we  have 

TT    *     p  sin  a 
E  a 

P=C=      H(,  tan  0      ' 

H, 


if  T  is  the  period  of  one  revolution  of  the  coil. 

If  the  experiment  could  be  made  in  a  region  of  uniform 
magnetic  force,  we  should  have  Hc  —  HG,  and  therefore  the  ratio 

TJ 

-7^  =  1,  as  in  Sir  William  Thomson's  method.      Owing   to    the 

&G 

neighbourhood  of  rather  large  masses  of  iron,  this  condition  was 

not  fulfilled  in  the  actual  experiments.     The  ratio  in  question  was 

accordingly  determined   by  noting  the  time  of  vibration  of  the 

same  magnet  when  it  was  suspended  alternately  in  the  position  of 

the  revolving  coil  and  in  that  of  the  galvanometer  respectively. 

TT 

It  was  thus  found  at  the  beginning  of  the  experiments  that  ~ 

**Q 

was  equal  to  O9889.  A  repetition  of  the  measurement  that  was 
afterwards  attempted  was  made  useless  by  some  large  masses 
of  iron  beings-brought  just  outside  the  Laboratory  while  it  was 
going  on. 

The  ring  upon  which  the  revolving  coil  was  wound,  as  well  as 
the  frame  in  which  it  was  mounted,  were  in  the  main  copied  from 
those  used  in  the  experiments  of  the  former  Committee,  but  both 
ring  and  frame  were  made  considerably  stouter  in  the  metal,  and 
the  ring  had  only  one  groove  instead  of  two.  The  upper  and  lower 
halves  were  insulated  from  each  other,  to  prevent  the  formation  of 
induced  currents. 

To  determine  the  area  A,  we  have  A  =  nm2/4<7r}  where  n  is  the 
number  of  turns  of  wire  on  the  coil  and  m  the  circumference  of 
the  mean  layer.  The  value  of  m  was  ascertained  by  measuring 
with  a  steel  tape  the  circumference  of  the  groove  in  which  the 
coil  was  wound,  as  well  as  the  circumference  after  each  successive 
layer  of  wire  had  been  put  on.  The  mean  of  all  these  measures, 
corrected  for  the  thickness  of  the  tape,  about  O'Ol  cm.,  was  taken 
as  the  value  of  m.  In  order  to  guard  against  accidental  error,  the 
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separate  measurements  of  the  circumference  were  combined  in 
pairs,  thus  w0+wn,  m1  +  mn_1,  ...  the  suffixes  denoting  the 
numbers  of  layers  of  wire  which  had  been  wrapped  on  when  the 
several  measurements  were  made ;  these  sums,  which  ought  to  be 
constant,  varied  between  193'25  cm.  and  193'50  cm.,  the  number 
of  layers  being  32.  In  this  way  the  circumference  of  the  mean 
layer  was  found  to  be  96*669  cm.,  which  gives  for  the  area  enclosed 
by  it  743*66  sq.  cm.  Each  layer  of  wire  contained  30  turns,  and 
therefore  n  —  30  x  32  =  960,  and  the  total  effective  area  of  the  coil 
was  A  =  960  x  743*66  =  713914  sq.  cm. 

The  tangent-galvanometer  had  two  equal  parallel  coils,  of 
approximately  square  section,  placed  at  a  distance  apart  nearly 
equal  to  their  mean  radius,  which  was  about  18*25  cm.  Each  coil 
consisted  of  22  layers  of  20  turns  each  ;  the  galvanometer  had  thus 
altogether  880  turns  of  wire.  The  needle  consisted  of  three  short 
bits  of  hardened  and  magnetised  watch-spring,  fastened  one  above 
another  at  the  back  of  a  light  plane-glass  mirror.  The  deflections 
were  read  upon  a  straight  glass  scale,  divided  at  the  back  into 
millimetres.  The  distance  from  mirror  to  scale  was  137*25  cm.,  of 
which  about  0'45  cm.  was  occupied  by  glass ;  the  optical  distance 
was  therefore  taken  as  136*95  cm.  The  galvanometer-constant  F 
was  calculated  by  the  formula 


where  n  is  the  number  of  turns  of  wire  (880)  in  the  two  rings 
taken  together,  s  and  s  the  areas  of  the  cross-sections  of  the  two 
coils,  aa  the  external  radius  of  each  coil,  a2  the  internal  radius, 
6j  the  half-distance  measured  parallel  to  the  axis  between  the 
outer  surfaces  of  the  coils,  and  62  the  half-distance  between  their 
inner  surfaces.  The  numerical  values  were  a^  =  18*945  for  one 
coil,  =18-953  for  the  other;  a.2=  17*518  and  17*524;  61  =  9'851, 
and  62  =  8*429,  all  in  centimetres.  The  values  for  ax  and  also  for 
a2  being  so  nearly  alike  for  the  two  coils,  the  means  ax  =  18*949 
and  a2  =  17*521  were  used  in  the  calculation  of  F.  The  numerical 
value  of  F  was  thus  found  to  be  1/0*004618,  so  that  the  absolute 
strength  of  a  current  measured  upon  this  galvanometer  is 

0*004618#  tan  0. 
The  commutator  of  the  revolving  coil  consisted  of  a  cylindrical 
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piece  of  ivory  about  7 '6  cm.  in  diameter,  with  two  pieces  of 
platinum  let  in  upon  opposite  sides,  One  end  of  the  wire  was 
fastened  to  one  of  these  platinum  pieces  and  the  other  end  to  the 
other  piece  ;  and  contact  with  the  external  circuit  was  made 
through  two  platinum-faced  gun-metal  wheels,  each  about  15  cm. 
diameter,  which  revolved  in  contact  with  the  ivory  cylinder.  The 
wheels  revolved  in  insulated  bearings  about  vertical  axes,  nearly  in 
the  same  plane  as  the  axis  of  rotation  of  the  coil.  The  upper  end 
of  the  axle  of  each  wrheel  carried  a  small  copper  mercury  cup  into 
which  a  well-amalgamated  copper  wire  dipped  for  connecting  the 
coil  with  the  end  of  the  wire  R  (see  figure),  of  which  the  resistance 
was  to  be  measured.  This  arrangement  was  adopted  in  order  to 
avoid  the  heating,  and  consequent  thermo-electric  action,  which 
would  probably  have  resulted  from  the  use  of  rubbing  contacts. 
It  was  found  very  efficient  for  this  purpose. 

In  order  to  avoid  as  far  as  possible  the  effects  of  self-induction 
in  the  revolving  coil,  the  platinum  contact-pieces  had  an  angular 
breadth  of  only  about  20  degrees,  so  that  the  coil  was  in  metallic 
connexion  with  the  rest  of  the  circuit  during  only  about  -|th  of 
each  revolution.  By  adjusting  the  contact-wheels  so  that  the 
vertical  plane  containing  their  axes  coincided  with  the  magnetic 
meridian,  the  middle  of  the  period  of  contact  was  made  to  coincide 
with  the  instant  of  maximum  intensity  and  minimum  rate  of 
variation  of  the  electromotive  force  in  the  coil.  The  arc  of  con- 
tact actually  employed  was  20°  3',  which  gives  for  the  ratio  of 
the  maximum  and  minimum  electromotive  force  due  to  the  earth's 
magnetism  the  value  1:0'9817,  or  an  extreme  variation  of  less 
than  2  per  cent. 

Putting  together  the  values  of  the  constant  factors  in  the 
expression  for  the  resistance  to  be  determined,  we  get 

_  9-5561  x  108 
p~~        Tta.nO      ' 

leaving  T,  the  period  of  rotation  of  the  coil,  and  6,  the  deflection 
of  the  tangent-galvanometer,  to  be  observed  in  each  experiment. 

To  determine  the  speed  of  the  coil,  the  following  method  was 
adopted.  Three  glass  pens,  each  controlled  by  a  small  electro- 
magnet, were  caused  to  mark  side  by  side  upon  a  strip  of  paper 
drawn  forward  by  clock-work,  as  in  an  ordinary  Morse  receiver. 
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The  pens,  when  left  to  themselves,  ruled  parallel  straight  lines  on 
the  paper,  but  when  any  of  the  electro-magnets  was  excited,  the 
corresponding  pen  was  pulled  to  one  side  and  a  notch  was  made 
in  the  line  the  pen  was  drawing.  By  means  of  a  wheel  of  100 
teeth,  carrying  a  pin  which  made  contact  with  a  light  spring  once 
in  every  revolution,  and  gearing  into  a  screw  cut  upon  the  upper 
part  of  the  axle  of  the  coil,  the  circuit  of  one  of  the  electro- 
magnets was  completed  for  an  instant  at  every  hundredth  revolu- 
tion of  the  coil,  and  an  indentation  was  made  in  the  corresponding 
line.  The  circuit  of  the  second  electro-magnet  was  broken  for  an 
instant  by  a  clock  at  intervals  of  one  second,  thus  making  notches 
on  the  second  line.  By  afterwards  measuring  the  distances  be- 
tween the  notches  on  the  two  lines,  the  speed  with  which  the  coil 
was  spinning  at  any  instant  could  be  ascertained.  This  measure- 
ment was  made  by  laying  over  the  paper  a  strip  of  glass  divided 
on  its  lower  surface  into  centimetres  and  millimetres.  The  degree 
of  accuracy  attainable  in  this  way,  independently  of  error  of  the 
clock,  was  about  one  part  in  one  thousand.  The  speeds  used  in 
the  experiments  varied  from  about  nine  to  about  twelve  revolu- 
tions per  second.  The  electro- magnet  acting  on  the  third  pen  was 
under  the  control  of  an  observer  who  watched  the  zero-galvano- 
meter (g  in  the  figure),  and  held  down  a  contact-key,  which  com- 
pleted the  corresponding  circuit  whenever  and  as  long  as  this 
galvanometer  showed  no  deflection.  In  this  way  the  third  line  on 
the  recording  strip  was  displaced  to  one  side  whenever  the  speed 
was  such  as  to  cause  the  electromotive  force  of  the  coil  and  that 
due  to  the  thermo-electric  pile  accurately  to  balance  each  other, 
and  thus  the  parts  which  were  to  be  measured  of  the  other  two 
lines  were  indicated.  A  second  observer  noted  the  reading  of  the 
tangent-galvanometer  when  the  zero-galvanometer  was  undeflected, 
and  thus  determined  the  angle  6. 

It  is  evident,  from  the  formula  given  above,  that  the  product 
T  tan  6  should  be  constant  in  all  experiments  in  which  the  wire 
whose  resistance  was  to  be  determined  was  the  same.  The  amount 
of  agreement  in  the  value  of  this  product  in  different  experiments 
therefore  affords  a  criterion  of  the  consistency  of  the  results  with 
each  other.  The  results  obtained  in  two  series  of  experiments 
were  as  follows: — 
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T  tan  6  T  tan  0 

(Series  I.)  (Series  II.) 

0-01291  0-01192 

•01296  -01196 

•01309  -01194 

•01312  -01196 

•01309  -01189 

•01283  -01192 

•01298  -01193 

•01306  -01194 

•01295 
•01306 
•01302 
•01294 
•01310 

It  will  be  seen  that  the  second  set  of  values  agree  better 
together  than  the  first  set.  This  is  probably  chiefly  due  to  greater 
practice  in  observing,  and  to  the  adoption  of  an  artifice  whereby 
the  speed  of  the  gas  engine  employed  to  drive  the  coil  was  kept 
more  constant.  In  calculating  the  final  result  from  each  set, 
weight  was  given  to  each  separate  observation  in  proportion  to 
the  square  of  the  number  of  revolutions  of  the  coil  over  which  it 
extended  ;  for  it  was  assumed  that  the  accuracy  with  which  the 
speed  of  the  coil  was  determined  was  proportional  to  the  number 
of  revolutions  included  in  the  record  ;  moreover,  the  number  of 
galvanometer-readings  obtained  in  each  experiment  was  propor- 
tional also  to  the  number  of  revolutions,  and  hence  it  was  assumed 
that  the  accuracy  with  which  the  product  was  determined  was 
proportional  to  the  square  of  the  number  of  revolutions.  The 
weighted  means  thus  calculated  are,  for  the 

First  series      .     .     0'013017, 

Second  series    .     .     0'011932. 

Calling  pl  and  p2  the  resistances  measured  in  the  two  series  of 
experiments  respectively,  these  results  give 

10'  =  73-412  xlO», 


and  =  X  1Q8  =  8°'°89  X 


The  wires  measured  belonged  to  a  set  of  German-silver  resist- 
ance-coils, which  were  very  carefully  adjusted  by  my  assistant, 
Mr  W.  Grant,  by  comparison  with  a  "  B.A.-unit  "  coil  issued  by 
the  former  Committee.  The  nominal  values  were  73  and  80  ohms 
in  the  two  sets  of  experiments  respectively.  Applying  a  not  very 
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certain  correction  for  the  difference  between  the  temperature  of 
the  coils  during  these  experiments  and  that  at  which  they  were 
adjusted,  we  get  for  the  nominal  values 

pl  =  73*,16  ohms     and     p2  =  80*18  ohms. 
Hence,  according  to  the  first  series  of  experiments, 


lohm=--    -  x  109=  1-003  xlO9; 
7  .rib 

according  to  second  series 

OA.AOQ 

1  ohm  =  ~  -  xlO9  =  0-999  x  109. 

oU'lo 

I  do  not  attach  any  particular  importance  to  these  values,  or 
to  the  close  agreement  of  their  mean  with  the  intended  value  of 
the  ohm,  as  the  experiments,  so  far,  have  only  been  undertaken 
with  the  view  of  ascertaining  how  far  the  method  that  has  been 
described  is  capable,  when  employed  under  favourable  circum- 
stances, of  giving  good  results.  In  this  repect  I  think  the  experi- 
ments may  be  considered  fairly  satisfactory,  but  the  numbers 
obtained  for  the  value  of  the  ohm  are  subject  to  several  correc- 
tions, the  most  important  of  which  are  probably  that  for  errors  of 
the  clock,  which  I  had  no  means  of  rating  more  accurately  than 
by  comparison  with  a  good  watch  ;  that  due  to  slight  uncertainty 
as  to  the  value  in  ohms  of  the  resistances  measured  ;  that  due  to 
self-induction  in  the  revolving  coil,  which,  however,  I  believe  must 
be  very  small  ;  and  perhaps  errors  due  to  unobserved  disturbances 
of  the  magnetic  field  during  the  experiments. 

I  wish,  in  conclusion,  to  acknowledge  with  warm  thanks  the 
obligations  I  am  under  to  Mr  Charles  Hockin  for  most  valuable 
aid  of  various  kinds,  —  important  practical  suggestions  as  to  the 
construction  of  the  apparatus,  information  as  to  the  conditions 
required  in  order  to  ensure  sensitiveness,  and  the  loan,  for  a  long 
time,  of  a  very  delicate  zero-galvanometer  and  a  set  of  resistance 
coils.  I  am  also  greatly  indebted  to  Mr  Grant  and  Mr  G.  W.  von 
Tunzelmann,  B.Sc.,  by  whom  conjointly  the  actual  observations 
were  almost  entirely  made. 
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APPENDIX  II. 

On  the  Causes  of  the  Variation  in  the  Temperature-Coefficient  of 
the  Alloys  of  Platinum  and  Silver.     By  HERBERT  TAYLOR,  Esq. 

In  his  report  to  the  Committee  of  the  British  Association  in 
1862  Dr  Matthiessen  proposed  for  the  construction  of  standard 
resistance  coils  the  now  widely-used  alloy  of  silver  and  platinum, 
consisting  of  two  parts  of  silver  and  one  part  of  platinum  by 
weight.  In  the  same  paper  he  gave  the  specific  conducting  power 
of  the  material  and  also  its  percentage-variation  in  resistance  due 
to  a  change  of  temperature  of  1°  Centigrade. 

The  latter  value,  called  the  temperature-coefficient  in  what 
follows,  he  stated  to  be  0*031  per  cent,  per  degree. 

It  was,  however,  found,  after  the  alloy  came  into  general  use, 
that  the  temperature-coefficient  varied  within  moderately  wide 
limits. 

And  it  was  noticed,  by  the  writer  amongst  others,  that  having 
determined  by  experiment  the  coefficient  of  a  particular  wire,  it 
was  necessary  to  make  a  fresh  determination  for  the  same  wire 
when  drawn  down  to  a  finer  gauge. 

An  investigation  into  the  causes  of  these  variations  was  there- 
fore desirable ;  and  at  the  request  of  your  Committee  it  has  been 
undertaken  by  myself.  As  yet,  no  very  definite  result  has  been 
reached,  but  the  observations  already  made,  involving  much  care 
and  a  very  large  expenditure  of  time,  and  the  method  of  experi- 
menting employed,  may  perhaps  be  worth  recording. 

I  should  here  say  that  throughout  the  investigation  I  have 
had  the  benefit  of  the  co-operation  of  Mr  Charles  Hockin,  by  whom 
many  of  the  observations  were  made. 

To  better  observe  the  variation  in  the  temperature-coefficient 
with  change  of  diameter,  rods  of  considerable  sectional  area,  to  be 
afterwards  drawn  into  wire,  were  obtained  from  Messrs  Johnson 
and  Matthey. 

The  first  rod  (called  hereafter  Bar  A)  was  of  the  commercial 
alloy  manufactured  specially  for  electrical  purposes;  the  metals 
used  are  commercially  pure,  and  are  melted  together  in  large 
quantities.  The  alloy  is  then  cast  as  a  flat  ingot,  not  more  than 
an  inch  or  an  inch  and  a  half  in  depth,  and  this  ingot  is  next 
R.  \.  20 
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rolled  into  a  large  sheet  about  0*3  inch  thick,  which  is  cut  by 
shears  into  narrow  strips. 

These  strips  are  finally  passed  between  grooved  rollers,  to  give 
them  an  approximately  circular  section,  and  the  rods  thus  formed 
are  ready  for  the  draw-plates  to  reduce  them  to  wire  of  the 
required  diameter. 

The  bar  experimented  on  was,  in  the  "rod"  stage,  about 
8  inches  long,  and  0'27  inch  in  diameter. 

The  second  rod  (called  hereafter  Bar  B)  was  specially  made 
for  these  experiments  of  pure  materials,  by  Messrs  Johnson  and 
Mat  they. 

It  was  cast  in  the  form  of  a  bar,  about  8  inches  long.  On 
leaving  the  mould  it  was  about  0*3  inch  square,  slightly  tapering, 
and  more  or  less  irregular  in  section,  but  was  reduced  in  the  lathe 
and  by  filing  to  a  section  almost  absolutely  square  and  uniform. 

The  third  rod  (called  Bar  C)  was  of  an  alloy  made  by  the  same 
firm  for  the  use  of  dentists — the  method  of  casting  and  rolling 
being  the  same  as  that  described  for  the  electrical  alloy,  but  rather 
less  attention  is  paid  to  the  purity  of  the  components. 

It  was  procured  in  the  form  of  a  narrow  strip,  about  a  quarter 
of  an  inch  thick,  and  reduced  to  a  uniform  square  section  by  the 
lathe  and  file. 

As  it  was  necessary  to  observe  accurately  the  small  percentage- 
variation  due  to  change  of  temperature,  in  the  resistance  of  these 
bars,  which  was  itself  exceedingly  minute,  recourse  was  had  to  the 
method  of  observation  originally  proposed  by  Mr  C.  Hockin,  and 
described  and  figured  in  Clerk  Maxwell's  Electricity  and  Magnetism, 
pp.  406  and  407,  vol.  I.,  by  means  of  which  the  unavoidable  resist- 
ance of  the  connexions  can  be  altogether  eliminated. 

Instead,  however,  of  using,  as  shown  in  the  figure  referred  to,  a 
comparatively  short  wire,  with  resistance-bobbins  at  its  ends,  a 
wire  40  feet  in  length,  wound  on  a  cylinder,  was  employed,  so  that 
the  bobbins  could  be  dispensed  with,  without  loss  of  accuracy,  and 
with  a  great  gain  in  simplicity  of  calculation  and  in  range. 

To  avoid  the  very  great  expense  of  a  necessarily  thick  wire  of 
iridio-platinum,  which  was,  however,  recognised  to  be  the  best 
material,  a  German-silver  wire  was  in  the  first  instance  fitted  to 
the  cylinder  and  calibrated,  but  after  a  short  time  it  was  found  to 
get  loose  in  its  groove,  so  that  the  readings  obtained  on  it  could 
not  be  depended  on. 
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A  platinum-silver  wire  was  next  tried,  and  though  most  care- 
fully drawn,  the  calibration  showed  such  a  want  of  uniformity  in 
the  conducting  power  at  different  parts  of  its  length  that  it  was  at 
once  discarded. 

Finally,  an  iridio-platinum  wire  was  obtained  from  Messrs 
Johnson  and  Matthey,  fitted  to  the  cylinder  and  calibrated,  but 
the  result  not  being  considered  quite  satisfactory,  the  wire  was 
removed,  carefully  annealed,  drawn  through  one  hole  in  a  draw- 
plate  and  remounted,  but  with  very  little  better  results.  This 
operation  was  repeated  without  advantage,  and  it  became  evident 
that  the  want  of  uniformity  in  the  conducting  power  was  not  due 
to  irregularities  in  the  section  of  the  wire,  but  was  to  be  attributed 
in  all  probability,  to  want  of  uniformity  in  the  composition  of  the 
alloy. 

To  avoid  further  loss  of  time  it  was  therefore  decided  to  make 
use  of  the  wire  as  it  then  was,  and  to  correct  all  readings  by  the 
result  of  an  accurate  and  close  calibration. 

The  wire  was  therefore  calibrated  in  100  equal  parts  by  a 
method  devised  after  trying  one  or  two  others,  and  found  to  be 
very  accurate  and  convenient. 

It  is  fully  described  at  the  end  of  this  paper. 

The  wire  is  wound  in  twenty  convolutions  in  a  spiral  groove, 
accurately  formed  in  the  cylindrical  surface  of  an  insulating  drum. 
The  ends  of  the  wire  are  soldered  to  massive  bars,  each  brazed  to 
one  axle  of  the  drum,  which  terminates  in  an  amalgamated  copper 
disk,  half  immersed  in  a  cup  of  mercury. 

The  mercury  cups  are  themselves  connected  with  the  rest  of 
the  apparatus  by  means  of  very  stout  copper  rods. 

The  contact-piece,  by  means  of  which  the  galvanometer  is  put 
in  circuit,  is  mounted  on  a  brass  block,  moving  between  two  brass 
rods,  and  traversed  by  a  screw  after  the  fashion  of  the  slide  rest  of 
-a  lathe.  One  end  of  the  screw  carries  a  toothed  wheel,  gearing 
with  another  wheel  attached  to  the  drum  and  concentric  with  it. 
The  pitch  of  the  screw  and  the  gearing  are  so  calculated  that, 
when  the  drum  is  made  to  revolve,  the  contact-piece,  whilst  moving 
in  a  horizontal  line  parallel  with  the  axis  of  the  drum,  is  always  in 
contact  with  some  point  of  the  wire,  upon  which  it  presses  lightly 
by  means  of  a  spring. 

The  brass  toothed  wheel  has  a  slightly  greater  diameter  than 
the  drum  to  which  it  is  attached.  On  the  flat  exterior  side,  near 
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its  circumference,  it  is  divided  into  1,000  equal  parts,  and  by 
means  of  a  microscope  with  cross-wire  eyepiece,  the  divisions  can 
be  read  by  estimation  to  tenths  and  easily  to  fifths. 

As  there  are  twenty  turns,  the  whole  wire  can  therefore  be 
accurately  divided  into  100,000  parts. 

Whole  turns  of  the  wire  are  shown  by  the  divisions  of  a  hori- 
zontal scale  close  to  the  contact-piece. 

Fig.  2. 


APPARATUS  FOR  DETERMINING  TEMPERATURE    COEFFICIEN  T  OF   WI.^ES 


To  maintain  the  wire  throughout  its  length  at  a  uniform 
temperature,  the  drum  is  enclosed  in  a  wooden  case  in  which 
openings  are  left  for  the  contact-piece  and  microscope.  A  sketch 
of  the  apparatus  is  given  in  fig.  2. 

To  determine  the  temperature-coefficients  of  the  various  bars 
and  wires,  their  resistances  at  two  different  temperatures  were 
compared  with  that  of  a  standard,  maintained  as  nearly  as  possible 
at  a  constant  temperature. 

The  higher  temperature  of  comparison  was  generally  nearly 
that  of  boiling  water,  and  was  maintained  by  means  of  steam. 
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Fig.  3. 


The  bars  were  immersed  in  a  bath  of  melted  paraffin  wax,  the 
interior  surface  of  the  bath  being  lined  throughout  with  convolu- 
tions of  J-inch  "compo"  gas-tubing  through  which  steam  was 
caused  to  flow. 

The  lower  temperature  was  about  that  of  the  air,  the  bath  just 
described  was  again  used ;  but  paraffin  oil  was  substituted  for  the 
wax,  and  cold  water  from  the  main  was  made  to  circulate  in  the 
pipe  instead  of  steam.  In  both  cases  the  paraffin  oil  or  wax  was 
kept  continually  stirred.  The  standard  was  also  immersed  in 
paraffin  oil,  kept  at  a  uniform  temperature  by  the  circulation  of 
water  from  the  main,  through  tubing  in  the  containing  vessel. 

The  paraffin  oil  used  possesses  remarkably  high  insulating 
qualities,  bobbins  of  silk-covered  wire,  even  of  many  thousand 
ohms  resistance,  could  be  immersed 
in  it,  without  the  least  sensible 
leakage,  from  spire  to  spire.  It  is 
sold  under  the  name  of  "  Strange's 
Crystal  Oil." 

The  apparatus  for  maintaining 
the  desired  temperature  when  the 
alloy  is  in  the  form  of  wire  is  far 
more  convenient  than  that  described 
above  for  the  bars.  It  resembles 
the  instrument  used  for  testing  the 
boiling  point  of  thermometers. 

It  is  shown  in  section  in  the 
accompanying  sketch,  fig.  3. 

a  is  an  open  tube  about  |-inch 
in  diameter,  surrounded  by  a  second 
tube,  b,  closed  at  the  bottom  and 
opening  at  the  top  into  the  outer 
tube,  c,  which  is  closed  at  both 
ends.  The  supply  pipe  leads  into 
the  annular  space  between  a  and  b, 
near  the  bottom,  and  the  exhaust, 
or  escape,  pipe  from  the  space  be- 
tween b  and  c. 

When  steam  is  allowed  to  enter  by  the  supply  pipe,  it  completely 
envelopes,  in  its  passage,  the  inner  tube  a,  and  external  influences, 
such  as  sudden  draughts  of  air,  are  effectually  cut  off  by  the  steam 
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jacket  between  6  and  c.  For  observations  at  ordinary  tempera- 
tures water  is  allowed  to  flow  into  the  supply  pipe  instead  of  steam, 
and  a  convenient  system  of  pipes  and  cocks  allows  the  change  to  be 
made  from  steam  to  water,  or  vice  versa,  with  facility.  When  steam 
is  used,  a  mercurial  gauge  is  provided,  to  indicate  the  difference 
of  pressure  between  the  inside  of  the  tube  and  the  atmosphere. 

The  temperature  calculated  from  the  reading  of  this  gauge, 
and  that  of  the  barometer,  was  found  to  agree  within  -fa  degree 
with  the  indication  of  the  thermometer  inserted  in  the  inner 
tube  a. 

The  bottom  of  the  inner  tube  a  is  closed  by  an  ebonite  stopper, 
through  which  pass  two  stout  copper  rods  of  semicircular  section, 
so  as  to  have  the  greatest  available  cross  section ;  each  is  held 
rigidly  in  position  by  a  screw  passing  radially  through  the  ebonite 
stopper,  and  they  are  insulated  one  from  the  other  by  an  air  space, 
through  which  pass  the  wires  for  the  galvanometer  connexions, 
the  interstices  being  afterwards  filled  with  shellac. 

The  ends  of  the  wire  to  be  tested  are  soldered  to  the  upper 
extremities  of  the  copper  rods.  When  the  wire  is  short  and  thick, 
it  is  covered  with  silk,  bent  double,  and  passed  into  the  tube ; 
when  thin,  it  is  wound  on  a  glass  rod,  and  the  whole  coated  with 
silk  ribbon.  The  space  between  the  wire  and  tube  is  filled  with 
lead  shot  of  the  smallest  size,  and  a  thermometer  is  inserted  in  the 
top  of  the  tube,  which  is  then  filled  quite  up  with  shot. 

It  was  found  that  the  shot  had  an  excellent  effect  in  prevent- 
ing minute  oscillations  of  temperature,  due  to  draughts  or  similar 
causes. 

The  battery  used  was  one  large  groove  cell ;  the  galvanometer, 
a  "dead  beat "  by  White,  having  a  resistance  of  T4  ohms. 

In  most  cases  the  absolute  resistance  of  the  specimens  of  alloy 
was  determined  as  well  as  the  temperature-coefficient. 

For  the  bars  this  was  done  by  comparison  with  a  rod  of  pure 
lead  of  known  dimensions. 

The  wires  were  compared  directly  with  bobbins  of  known 
resistance. 

The  sectional  area  of  the  bars  and  wires  was  always  calculated 
from  their  weight,  specific  gravity,  and  length. 

All  bars  and  wires  were  annealed  before  making  the  electrical 
observations. 

The  following  table  shows  the  resistance  and   temperature- 
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coefficient  of  the  first  sample  of  the  alloy  when  in  the  original  bar 
shape,  and  when  drawn  down  to  wire  of  various  gauges. 

Bar  A. 


Resistance  of  a 

Percentage- 

Length 
mm. 

Diameter 
mm. 

wire  1  metre  long 
and  1  millimetre 

Specific 
gravity 

variation  in 
resistance  for 

Remarks 

diameter  at  0°  Cent. 

1°  Cent. 

ohms. 

175-67 

6-825 

0-3658 

12-740 

•0299 

Rod 

996-40 

1-578 

0-3824 

12-733 

•0276 

3132-70 

0-525 

— 

12-613 

•0273 

2655-25 

0-525 

0-3937 

12-811 

•0263 

— 

0-203 

— 

— 

•0232 

— 

0-168 

— 

— 

•0231 

A  complete  analysis  of  this  alloy  from  the  end  of  the  rod  was 
made  for  me  by  Messrs  Johnson  and  Matthey.  The  composition 
was  as  follows : — 


Platinum 

Silver     . 

Iridium 

Rhodium 

Iron 

Lead,  with  minute  trace  of  copper 

Loss 


32-95 


0-03 
0-01 
0-01 

o-oi 

0-34 
100-00 


The  platinum  and  silver  are  thus  very  nearly  in  the  prescribed 
proportion,  and  the  amount  of  impurity  is  inconsiderable.  An 
assay  of  a  piece  cut  from  one  end  of  the  wire  T578  mm.  in  diameter, 
gave  the  proportion  of  platinum  as  31*34  per  cent. 

A  calibration  made  from  inch  to  inch  in  its  length  showed  the 
conducting  power  to  be  sensibly  uniform. 

Bar  B. 

The  temperature-coefficient  of  this  bar  was  0'0308  per  cent. 
The  specific  gravity  and  absolute  resistance  were  abnormal,  and  a 
calibration  showed  it  was  quite  irregular  in  conducting  power, 
the  casting  being  porous  and  full  of  holes. 

Messrs  Johnson  and  Matthey  failed  in  their  attempt  to  roll  or 
draw  it  down  into  wire,  but  a  small  portion  was  remelted  and 
drawn  into  wire  0'67  mm.  in  diameter,  of  which  the  specific  gravity 
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was  13;354,  the  temperature-coefficient  O0282  per  cent.,  and  the 
calculated  resistance  of  1  metre  of  the  wire,  1  millimetre  in 
diameter,  0*238  ohms.  It  was  obvious,  therefore,  that  even  if  the 
alloy  was  of  the  desired  composition,  on  the  average,  it  had  such  a 
want  of  uniformity  that  an  analysis  was  not  worth  making. 


Bar  C  (dental  alloy). 

The  following   table   gives  the  observations  made  with  this 
sample  of  alloy  from  the  bar  stage  to  that  of  very  fine  wire. 


Length 
mm. 

Diameter 
mm. 

Resistance  of  a 
wire  1  metre 
long  and  1  mm. 
in  diameter 

Specific 
gravity 

Percentage- 
variation  in 
resistance 
for  1°  Cent. 

Remarks 

ohms. 

168-00 
996-95 

4-314 
1-625 

0-3770 
0-3611 

12-444 
12-449 

•0269 
•0261 

Square 
bar 

2416-15 

0-535 

0-3690 

12-630 

•0266 



0-203 

— 

— 

•0248 

Messrs  Johnson  and  Matthey's  analysis  of  this  alloy  was  as 
follows : — 


Platinum 

Silver 

Rhodium 

Iridium 

Iron 

Lead,  with  minute  traces  of  copper  and  loss . 


28-95 
70-50 
0-01 
0-02 
0-02 
0-50 

100-00 


An  assay  of  one  end  of  the  wire  of  the  diameter  T625  mm. 
gave  28'44  per  cent,  as  the  proportion  of  platinum ;  but  it  would 
appear,  from  the  third  observation  of  specific  gravity  in  the  above 
table,  that  the  composition  could  not  be  uniform — indeed  the  bar 
was  calibrated  in  six  parts,  both  at  the  high  and  low  temperature, 
and  the  temperature-coefficients  for  the  different  parts  were  found 
to  be  as  follows :  0'028,  0'032,  0'029,  0'036,  0-031,  and  0'029  per 
cent,  per  degree. 

To  examine  the  effect  on  the  temperature-coefficient  of  a 
variation  in  the  percentage  of  platinum  and  silver,  the  following 
alloys  were  cast  by  Mr  Hockin  and  drawn  to  wire.  They  were 
made  with  pure  platinum  black  and  precipitated  silver. 
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Percentage- 

Composition  of  alloy 

Diameter 
approximate 

variation  in 
resistance  for 

Remarks 

1°  Cent. 

pto/o 

Ag°/0 

mm. 

40 

60 

0-234 

•0259 

33£ 

6e| 

0-096 
0-234 

•0265 
•0301 

|  different  castings 

30 

70 

0-234 

•0313 

25 

75 

0-234 

•0407 

25 

75 

0-063 

•0377 

From  the  foregoing  tables  it  would  appear  that  a  moderate 
variation  in  the  percentage-composition  on  either  side  of  the 
normal  proportions  of  two  parts  silver,  by  weight,  to  one  part 
platinum,  produces  less  effect  on  the  temperature-coefficient  than 
does  a  change  in  the  diameter  of  the  wire. 

It  also  appears,  from  these  and  other  experiments,  that  it  is 
practically  impossible  to  ensure  a  uniform  mixture  of  the  metals, 
even  when  the  alloy  is  of  the  normal  composition  in  the  aggregate. 

Thus  the  wire  from  an  unit  coil  of  the  B.  A.  pattern,  made  by 
Dr  Matthiessen,  or  under  his  superintendence,  was  drawn  down  to 
a  diameter  of  O168  mm. 

The  whole  wire  had  a  temperature-coefficient  of  O0250  per  cent., 
but  on  examining  the  wire  in  two  approximately  equal  portions, 
the  temperature-coefficients  of  the  two  halves  were  found  to  be 
0-0237  and  0'0266  per  cent. 

It  is  therefore  evident  that  when  the  highest  attainable 
accuracy  is  acquired,  as  in  the  construction  of  standard  coils,  it  is 
not  sufficient  to  depend  upon  the  general  temperature-coefficient 
of  the  alloy,  but  that  a  determination  of  the  coefficient  of  the 
particular  coil  or  instrument  is  required. 

For  less  accurate  work  it  would  seem  that  Dr  Matthiessen's 
value  for  the  coefficient,  viz.,  0'031  per  cent,  per  1°  C.  should  be 
reduced  by  from  5  to  10  per  cent,  for  wires  of  large  diameter,  by 
about  15  per  cent,  for  wires  of  0'25  mm.  diameter,  such  as,  in 
general,  resistance-coils  of  from  100  to  1,000  ohms  are  made  of, 
and  by  from  20  to  25  per  cent,  for  wires  of  the  smallest  gauge 
usually  drawn. 
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Calibration  of  Wire. 

The  calibration  of  the  wire  was  effected  thus — Six  coils  of  the 
B.  A.  pattern,  viz.,  la,  16,  2,  3,  5,  and  8  ohms,  whose  resistance 
amounted,  in  the  aggregate,  to  20  ohms,  were  arranged  in  a  con- 
tinued series  by  means  of  mercury  cups,  and  the  ends  of  this  series 
were  connected  by  copper  bars  with  the  two  ends  of  the  wire  to 
be  calibrated,  properly  mounted  on  its  drum.  To  these  copper 
bars  the  poles  of  the  battery  could  be  connected  by  means  of  a 
contact-key. 

The  series  of  coils  was  arranged,  in  the  order  above  enumerated, 
in  a  trough  of  water,  to  maintain  uniform  temperature.  One 
galvanometer  wire  was  permanently  attached  to  the  sliding  contact 
of  the  drum,  whilst  the  loose  end  of  the  other  galvanometer  wire 
could  be  dipped  in  either  of  the  mercury  cups  joining  the  coils,  the 
arrangement  thus  forming  a  Wheatstone's  bridge. 

The  loose  galvanometer  wire,  being  first  inserted  in  the  mercury 
cup  joining  the  outer  or  left-hand  terminal  of  the  coil  la  with  the 
connecting  bar,  a  balance  was  obtained,  the  reading  r0  on  the  drum 
being  of  course  quite  close  to  the  0  end  of  the  wire. 

The  galvanometer  wire  was  then  shifted  to  the  cup  between  la 
and  16,  and  a  balance  and  reading  rx  obtained  by  moving  the 
drum-contact. 

The  coils  la  and  16  were  then  transposed  in  position,  and 
a  new  balance  and  reading  r2,  very  near  to  rlt  were  obtained. 
The  loose  wire  was  then  moved  to  the  cup  between  la  and  2,  and 
the  balance  and  reading  r3  were  observed. 

This  process  of  transposition  and  reading  was  repeated  until 
the  coil  la,  had  been  moved  unit  by  unit  from  the  left-hand  to  the 
right-hand  extremity  of  the  series. 

As  it  is  evident  that  the  resistance  of  the  length  of  wire 
between  pairs  of  readings  such  as  rQ)  r1}  and  r2,  rs,  etc.,  bears  the 
same  ratio  to  that  of  the  whole  wire  to  be  calibrated  as  the  resist- 
ance of  the  coil  la  does  to  that  of  the  series  of  which  it  forms  part, 
and  that  the  latter  ratio  is  a  constant  one,  being  independent 
of  the  position  in  the  series  which  the  coil  occupies,  it  follows  that 
every  such  length  has  the  same  resistance ;  and  the  lengths  being 
expressed  in  terms  of  divisions  of  the  drum  circle,  it  is  easy  to 
make  a  table  showing  the  proper  corrections. 
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In  practice,  the  coil  la  was  further  subdivided.  Four  inter- 
mediate points  having  been  determined  on  the  wire  of  which  it 
was  composed,  dividing  its  resistance  into  five  equal  parts,  wires 
were  soldered  to  these  points  and  were  connected  with  small 


II. 

III. 

IV. 

I. 

Observed 
readings 

Differences  of 
readings  propor- 
tional to  Conduc- 
tivity 

Percentage- 
variation  from 
mean  Conduc- 
tivity 

Percentage- 
corrections  for 
Readings  in 
Col.  V. 

V. 

Readings 

3-3 

1009-1 

1005-8 

+  1-015 

1-015 

1000 

1012-9 

2016-9 

1004-0 

+  0-835 

0-925 

2000 

2020-2 

3021-0 

1000-8 

+  0-513 

0-788 

3000 

3025-5 

4024-9 

999-4 

+  0-373 

0-684 

4000 

4028-6 

5027-5 

998-9 

+  0-322 

0-612 

5000 

5031-1 

6030-4 

999-3 

+  0-363 

0-570 

6000 

6034-2 

7033-9 

999-7 

+  0-403 

0-546 

7000 

7039-8 

8034-9 

995-1 

-0-059 

0-471 

8000 

8038-7 

9037-3 

998-6 

+  0-292 

0-451 

9000 

9041-8 

10037-1 

995-3 

-0-039 

0-402 

10000 

10040-7 

11034-1 

993-4 

-0-230 

0-344 

11000 

11038-0 

12033-7 

995-7 

+0-001 

0-316 

12000 

12033-6 

13028-8 

995-2 

-0-049 

0-288 

13000 

13032-3 

14026-6 

994-3 

-0-140 

0-257 

14000 

14030-4 

15022-0 

991-6 

-0-411 

0-213 

15000 

15027-6 

16017-9 

990-3 

-0-541 

0-166 

16000 

16022-4 

17011-0 

988-6 

-0-712 

0-114 

17000 

17014-9 

18006-4 

991-5 

-0-421 

0-084 

18000 

18010-0 

19000-0 

990-0 

-0-571 

0-049 

19000 

19003-7 

19990-0 

986-3 

-0-943 

o-ooo 

20000 

Mean 

995-69 
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mercury  cups  sunk  in  the  ebonite  bridge-piece  of  the  coil.  The 
case  was  then  filled  in  with  paraffin  wax  as  usual.  In  calibrating 
the  drum- wire,  therefore,  besides  the  20  pairs  of  readings  corre- 
sponding with  the  20  transpositions  of  the  coil,  there  were  inter- 
polated between  each  such  pair  four  additional  readings,  thus 
calibrating  the  wire  into  100  parts. 

The  table  on  p.  315  gives  the  readings  corresponding  to  the 
twenty  transpositions  of  the  coil,  their  differences,  which  are  pro- 
portional to  the  conducting  power  of  the  wire  between  the  points 
at  which  the  readings  are  taken,  and  the  percentage-variation 
from  mean  conducting  power. 

In  Col.  IV.  are  given  the  total  percentage-corrections  for  the 
readings  in  Col.  V.  They  are  obtained  by  taking  from  Col.  III. 
the  algebraic  sum  of  the  percentage-variations  for  all  observations 
included  in  the  reading,  and  dividing  by  the  number  of  terms 
summed ;  thus  the  correction  for  drum-reading  3,000,  and  there- 

.    1-015  +0-835  +  0-513 

abouts,  is  -  — - —  —  =  0788  per  cent,  of  the  readings. 

o 

All  these  corrections  happen  to  be  subtractive. 

It  is  of  course  unnecessary  that  the  subdivisions  of  the  1-ohm 
coil  should  be  exactly  equal,  provided  their  ratio  is  known,  and 
this  can  easily  be  found  by  the  drum-wire  itself.  Thus  the  coil  is 
substituted  for  the  series  of  20  ohms,  before  referred  to,  and  the 
readings  observed  on  the  drum  when  galvanometer-connexion  is 
made  consecutively  at  the  six  contact-points  of  the  divided  coil. 
These  observations  will  coincide  very  nearly  with  readings  in  the 
foregoing  table  which  are  independent  of  the  subdivisions  of  the 
coil.  Therefore,  by  applying  the  proper  tabular  corrections,  the 
true  ratio  of  these  subdivisions  is  determined. 


NINTH   REPORT— SOUTHAMPTON,    1882. 

THE  Committee  have  to  report  that  Mr  Taylor  has  continued 
the  experiments  upon  the  temperature-coefficient  of  the  resistance 
of  metals  and  alloys,  the  first  results  of  which  were  communicated 
at  the  York  meeting.  In  consequence  of  Mr  Taylor's  absence  from 
the  country,  the  details  of  the  further  experiments  cannot  be  com- 
municated at  present ;  but  it  may  be  stated  that  they  have  shown 
the  possible  influence  of  the  process  of  annealing  on  the  specific 
resistance  of  wires  and  on  the  temperature-coefficient  to  be  much 
greater  than  has  hitherto  been  commonly  supposed.  The  following 
are  examples  of  some  of  the  results  obtained  : — 

German-Silver.  Wire  drawn  to  be  extremely  hard  and  brittle. 
The  percentage-variation  of  resistance,  for  1°  between  13°  and 
100°  C.,  was  0'0296.  After  annealing,  the  percentage-variation  of 
the  same  wire  was  0*0421. 

Steel.  Wire,  0'025  inch  diameter,  thoroughly  hardened,  and 
then  tempered  in  paraffin  wax  at  230°  C. : 

Percentage-variation  of  resistance  for  1°,  0*267. 

Same  wire  annealed;  percentage-variation  for  1°,  0*316. 

At  9°  C.,  the  ratio  of  the  absolute  resistance  of  this  wire  in  the 
hard  state  to  that  of  the  same  wire  when  annealed  was  1'229. 

Platinum- Silver  Alloy.  A  piece  of  wire  made  from  a  particular 
bar  of  the  alloy  was  hardened  by  being  drawn  down  through 
a  couple  of  holes  of  the  draw-plate.  In  this  state  the  variation  of 
resistance  was  0'0255  per  cent,  per  degree.  After  annealing  in 
the  ordinary  way,  the  variation  of  resistance  per  degree  was 
0*0258  per  cent.  The  same  wire  was  next  placed  in  an  iron  tube, 
which  was  filled  up  with  sand  and  left  all  night  in  the  fire.  After 
this  treatment,  the  percentage-variation  of  resistance  per  degree 
was  0*0344. 

Platinum- Silver  Alloy,  another  specimen.  A  wire  from  a 
second  bar  of  the  alloy  was  annealed  at  a  very  high  temperature 
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and  left  to  soak  in  the  fire  and  cool  slowly,  as  in  the  last-men- 
tioned experiment.  The  variation  of  resistance  was  now  0'095  per 
cent,  per  degree,  and  the  wire  was  as  soft  as  pure  silver  and  very 
fragile.  After  being  heated  to  redness  and  quenched  in  water, 
the  corresponding  variation  of  resistance  of  the  same  wire  was 
0'076  ;  and  when  the  wire  had  been  drawn  down  through  two  or 
three  jewel-holes  it  was  0'0732. 

These  results  indicate  a  connexion  between  the  temperature- 
coemcient  of  wires  and  their  degree  of  hardness,  and  tend  to 
reopen  the  question  as  to  the  most  trustworthy  material  for  a 
permanent  standard  of  resistance.  The  Committee  understand 
that  Mr  Taylor  will  continue  his  experiments  with  the  co-operation 
of  Dr  Muirhead. 

The  Committee  are  pleased  to  be  able  to  report  that  there 
is  a  prospect  that  Lord  Rayleigh  may  be  able  to  organise,  at  the 
Cavendish  Laboratory,  Cambridge,  a  system  of  testing  resistance- 
coils  and  issuing  certificates  of  their  correct  value  at  a  specified 
temperature. 

As  stated  in  the  Report  presented  last  year,  Dr  Muirhead  has 
consented,  at  the  request  of  the  Committee,  to  issue  standards  of 
capacity  upon  his  own  responsibility. 

The  Committee  regret  that  they  are  not  able  to  report  any 
progress  towards  the  construction  of  a  standard  of  Electromotive 
Force. 

They  are  unwilling  to  conclude  without  expressing  their  deep 
sense  of  the  loss  which  not  only  they,  but  all  friends  of  physical 
science,  have  suffered  in  the  death  of  one  of  the  most  valued  of 
their  colleagues,  Mr  Charles  Hockin. 


TENTH  EEPORT— SOUTHPORT,  1883. 

THE  Committee  report  that,  in  accordance  with  suggestions  made 
at  the  last  meeting  of  the  British  Association,  arrangements  have 
now  been  completed  for  testing  resistance  coils  at  the  Cavendish 
Laboratory  and  issuing  certificates  of  their  value.  These  arrange- 
ments have  been  made  by  Lord  Rayleigh  and  Mr  Glazebrook,  and 
the  report  contains  an  account  by  the  latter  of  the  methods 
employed  and  the  conditions  under  which  the  testing  is  under- 
taken, in  order  that  those  who  use  such  coils  may  have  a  more 
exact  estimate  of  the  value  of  the  test. 

A  \  The  standards  at  the  laboratory  belonging  to  the  Association, 
the  values  of  which  have  been  recently  tested,  are  all  single  units. 
The  best  of  these  were  all  compared  among  themselves,  originally 
by  Hockin  (British  Association  Report,  1867),  and  again  by 
Chrystal  and  Saunder  (Report,  1876),  and  more  recently,  at 
various  temperatures  between  0°  C.  and  25°  C.  by  Mr  Fleming  in 
1879 — 1881,  and  a  chart  has  been  constructed,  from  which  the 
resistance  of  any  one  coil  at  a  given  temperature  between  these 
limits  can  be  determined.  On  this  chart  a  curve  is  drawn  for 
each  coil ;  the  ordinates  of  the  curve  represent  resistances,  while 
the  abscissae  give  the  temperatures.  The  temperatures  at  which 
the  various  resistances  were  originally  each  one  B.  A.  unit  are 
known  for  the  respective  coils.  For  these  temperatures  the 
ordinates  of  the  curves  drawn  ought  to  be  the  same,  and  the 
corresponding  resistance  one  B.  A.  unit.  Mr  Fleming  finds,  how- 
ever, that  this  is  not  the  case.  The  resistances  of  the  eight  coils 
examined  at  the  temperatures  at  which  they  were  originally  said 
to  be  correct  are  slightly  different.  The  greatest  difference  is 
that  between  the  coils  marked  C  and  (r,  and  amounts  to  O'OOll 
mean  B.  A.  unit. 

The  mean  of  all  these  resistances  at  the  respective  temperatures 
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s  taken  as  the  mean  B.  A.  unit,  and  is  that  to  which  the  resist- 
nce  coils  sent  for  testing  are  referred. 

The   coils  examined  are  those  marked  as  below  in  previous 
eports. 


A 

2 

B 
3 

C 

D 

E 

F 

0 

43 

Flat 

1876 

58 

35 

36 

29 

Flat 

1867 

In  comparing  the  single  unit  coils  the  form  of  resistance  bridge 
devised  by  Mr  Fleming  and  described  by  him  (Proceedings  of  the 
Physical  Society,  vol.  in.)  is  employed. 

The  bridge,  with  battery,  keys  and  a  suitable  galvanometer,  is 
permanently  fitted  up  in  a  ground-floor  room  with  a  north  aspect. 
The  standard  coils  are  kept  in  a  case  in  the  same  room,  and  the 
baths  in  which  the  coils  are  to  be  immersed  are  always  ready  filled 
with  water,  which  is  thus  at  the  temperature  of  the  room. 

When  a  coil  is  to  be  tested,  a  suitable  standard  is  chosen,  and 
the  two  are  placed  in  the  water  baths  and  left  at  least  three  or 
four  hours — more  usually  over  night.  The  comparison  is  then 
made  in  the  ordinary  manner  by  Professor  Carey  Foster's  method*, 
and  the  coils  again  left  for  some  time  without  being  removed  from 
the  water.  After  this  second  interval  another  comparison  is  made. 
The  temperatures  of  the  Water  baths  are  taken  at  each  comparison, 
and  as  a  rule  differ  very  slightly. 

We  thus  have  two  values  of  the  resistance  of  the  coil  to  be 
tested  at  two  slightly  different  temperatures. 

The  mean  of  these  will  be  the  resistance  of  the  coil  in  question 
at  the  mean  of  the  two  temperatures. 

We  are  thus  able  to  issue  a  certificate  in  the  following  form: — 
"  This  is  to  certify  that  the  coil  No.  X  has  been  compared  with  the 
British  Association  Standards,  and  that  its  value  at  a  temperature 
of  A°  C.  is  P  B.  A.  units  or  P'  R.  ohms;  1  B.  A.  unit  being 
'9867  R.  ohms."  We  further  propose  to  stamp  all  coils  in  the 
future  with  this  monogram  ^  and  a  reference  number. 

One  single  unit  coil  by  Messrs  Latimer  Clark,  Muirhead,  &  Co., 
three  by  Messrs  Elliott  Brothers,  for  Professor  Mascart,  and  one  by 
Messrs  Simmons  &  Co.,  have  been  tested. 

It  will  be  noticed  that  nothing  is  said  about  the  temperature 
coefficient  of  the  coil  or  the  temperature  at  which  the  coil  is 

*  Journal  of  Soc.  of  Telegraph  Engineers,  1874. 


FOR   ELECTRICAL   MEASUREMENTS  321 

accurately  1  B.  A.  unit.  To  determine  this  exactly  is  a  somewhat 
long  and  troublesome  operation,  but  at  the  same  time  it  is  one 
which  every  electrician,  if  he  knows  the  value  of  the  coil  at  one 
given  temperature,  can  perform  for  himself  with  ordinary  testing 
apparatus.  It  does  not  require  the  use  of  the  standards.  For 
many  purposes  the  approximate  value  of  the  temperature  co- 
efficient obtained  from  a  knowledge  of  the  material  of  the  coil  will 
suffice  ;  we  may  feel  certain  that  anyone  requiring  greater  accuracy 
would  be  quite  able,  and  would  prefer,  to  make  the  measurement 
himself.  We  can  state  with  the  very  highest  exactness  that  the 
resistance  of  the  coil  X  at  a  temperature  A°  C.  is  R.  To  obtain 
the  temperature  coefficient  accurately  requires  an  amount  of  labour 
which  may  be  quite  unnecessary  for  the  purpose  for  which  the  coil 
is  to  be  used. 

But  it  is  requisite  to  have  standards  of  higher  value  than  one 
unit,  and  part  of  the  Association  grant  has  been  used  in  obtaining 
coils  of  a  resistance  of  10,  100,  1000  and  10,000  units.  Two  of 
each  value  have  been  purchased,  so  that  by  frequent  comparison 
of  one  with  the  other  any  accident  to  either  may  be  checked. 

It  remains,  therefore,  to  describe  how  these  coils  are  to  be 
referred  to  the  standards.  For  the  10  units  two  methods  have 
been  adopted. 

There  are  at  the  Cavendish  Laboratory  two  5-unit  coils. 
Each  of  these  was  compared  with  five  single  units  placed  in  series, 
using  Fleming's  bridge  to  make  the  comparison,  and  the  10-unit 
coil  was  compared  with  these  two  in  series. 

The  values  obtained  by  two  observers  at  a  temperature  of  12° 
were  :  — 

9-98360      .....     Lord  Rayleigh. 
9-98393      .....     R.  T.  G. 

For  the  second  method,  suppose  we  have  three  coils  each  of 
resistance  about  3  units.  Let  these  be  3  +  a,  3  +  /3  and  3  +  7, 
then  the  resistance  of  the  three  in  series  is  9  +  a  +  fi  +  y,  and  in 
multiple  arc,  if  we  neglect  terms  like  a2  ^y,  etc.,  it  is 


thus  neglecting  terms  such  as  a2  -J,  the  resistance  of  the  three  in 
series  is  just  nine  times  that  of  the  three  in  multiple  arc. 

But  the  three  coils  in  multiple  arc  are  very  nearly  one  unit,, 
and  can  be  compared  with  the  standards.  If  then  we  combine  in 

B.  A.  21 
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series  with  the  same  three  one  of  the  standards  we  have  a  resist- 
ance of  approximately  ten  units,  whose  value  is  very  accurately 
known,  and  with  which  any  other  10-unit  coil  can  be  compared 
by  the  aid  of  Fleming's  bridge.  Lord  Rayleigh  has  devised  an 
arrangement  of  mercury  cups,  by  means  of  which  the  changes 
indicated  can  be  easily  performed. 

The  three  3-unit  coils  are  wound  on  the  same  bobbin,  and 
inclosed  in  the  same  case.  The  six  electrodes  project  in  pairs, 
and  their  ends  lie  in  a  plane.  The  figure  represents  a  piece  of 
ebonite,  through  which  holes  are  cut  as  indicated  by  the  letters 
a,  6,  etc. 


d' 


f 

9 

B 


f 


On  the  under  side  of  the  ebonite,  strong  strips  of  copper,  with 
their  faces  well  amalgamated,  are  screwed,  forming  with  the  holes 
in  the  ebonite  a  series  of  cups,  which  are  filled  with  mercury. 

The  copper  strips  are  cut,  as  shown  in  the  figure,  to  make  the 
necessary  connexions.  The  distances  between  the  holes  is  such 
that  the  electrodes  of  the  three  coils  respectively  fit  into  a  b,  c  d, 
and  ef,  or  into  a'  6',  c  d',  and  e'  f. 

Connexion  is  made  with  the  bridge  by  means  of  the  cups  A,  B, 
while  the  electrodes  of  the  second  single  unit  coil  fit  into  g  and  h. 
In  the  first  position  the  three  coils  are  in  multiple  arc,  as  will  be 
seen  from  the  figure,  and  can  be  compared  with  a  single  unit, 
while  in  the  second  they  are  in  series  with  the  other  single  unit, 
and  can  be  compared  with  the  10  units. 

By  this  contrivance  the  10  unit  is  referred  to  the  single  standard. 
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To  determine  the  value  of  a  coil  of  100  units,  the  three  3  units 
can  be  replaced  by  three  30  units,  and  the  single  units  by  tens. 

This,  however,  is  not  the  most  convenient  method  for  the  total 
resistance  if  the  wire  of  the  Fleming  bridge  in  use  is  only  ^  of 
a  unit,  thus  affording  too  small  a  range  for  the  ready  comparison 
of  large  resistances. 

The  following  has  been  adopted  :  —  Four  coils  are  arranged  as 
in  a  Wheats  tone's  Bridge,  one  being  the  100  units  to  be  tested, 
two  of  the  others,  in  opposite  arms,  two  known  10  units,  and  the 
fourth  a  known  single  unit. 

These  coils  are  all  arranged  in  the  same  circular  trough  of 
water  and  their  electrodes  dip  into  four  mercury  cups. 

If  all  the  coils  are  correct  no  current  will  traverse  the  galvano- 
meter. Of  course  in  practice  this  condition  is  never  realised. 
Either  one  of  the  ten  units  or  the  single  unit  is  too  great.  Let  us 
suppose  it  is  the  latter;  connect  its  two  electrodes  with  the  two 
electrodes  of  a  resistance  box  and  take  out  plugs  from  this  till 
a  balance  is  secured.  Then  if  the  resistance  of  the  ten  units  be 
Q  and  R,  that  of  the  single  unit  S,  and  the  shunt  W,  the  resist- 

W  S 

ance  of  the  shunted  arm  is  ^  —  -,  and  that  of  the  100  units  is 

W  +  o 


ws 

Now,  in  practice,  if  Q,  R,  S  are  fairly  accurate,  W  will  be 
a  large  resistance,  and  an  approximate  knowledge  of  W  will  suffice. 
W  may  thus,  for  all  we  require,  be  taken  from  a  resistance  box  by 
a  good  maker  which  has  stood  for  some  time  in  the  room  in  which 
the  experiments  are  conducted,  the  temperature  being  taken  as 
that  of  the  room.  A  box  has  been  ordered  from  Messrs  Elliott 
Brothers,  to  be  used  for  this  and  similar  purposes. 

The  same  firm  have  also  supplied  a  high  resistance  galvano- 
meter for  the  testing. 

Of  course  if  one  of  the  10-unit  coils  is  too  great,  then  the 
shunt  W  must  be  put  in  with  it. 

In  accordance  with  the  resolution  of  the  Committee,  a  fee  of 
£1.  Is.  has  been  charged  for  testing  single  units,  and  of  £1.  11s.  6d. 
for  others. 

The  only  coils  the  testing  of  which  is  regularly  undertaken  are 
single  units  and  multiples  of  single  units  by  some  powers  of  10. 

But  though  this  is  so,  two  standard  ohms  have  been  ordered, 

21—2 
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using  for  the  value  of  the  B.  A.  unit  '9867  ohms,  and  when  they 
arrive  and  have  been  tested,  it  will  be  easy  to  determine  the  value 
of  coils  which  do  not  differ  much  from  a  real  ohm.  At  present, 
without  these  standards — the  coils  actually  used  in  the  recent 
experiments  at  the  Cavendish  Laboratory  have  a  resistance  of 
about  •!,  24,  and  168  ohms — the  operation  is  troublesome.  The 
simplest  accurate  method  seems  to  be  to  combine  in  multiple  arc 
the  real  ohm,  and  one  of  the  100  B.  A.  unit  standards,  and  to  com- 
pare the  combination  with  a  single  unit. 

Dr  Muirhead  also  reports  the  completion  of  three  air  con- 
densers as  standards  of  capacity. 

The  Committee  are  glad  to  learn  that  Lord  Rayleigh  is  con- 
tinuing his  valuable  researches  at  the  Cavendish  Laboratory  with 
the  view  of  obtaining  an  absolute  unit  of  current. 

They  would  ask  in  conclusion  that  they  may  be  reappointed 
with  the  addition  of  the  names  of  Mr  H.  Tomlinson  and  Professor 
W.  Garnett ;  and  that  a  further  grant  of  £100  may  be  made  to 
meet  the  expense  of  procuring  standards  of  resistance  in  terms  of 
the  ohm. 


ELEVENTH   REPORT— MONTREAL,    1884. 

THE  Committee  report  that  during  the  year  the  construction 
and  testing  of  standards  of  electrical  resistance  has  been  proceeded 
with.  The  coils  of  10,  100,  1000  and  10,000  B.  A.  units,  men- 
tioned in  the  last  Report  have  been  compared  with  the  standard 
unit  coils.  An  account  of  the  comparison  made  by  the  Secretary 
and  Mr  H.  M.  Elder,  with  a  table  of  the  values  arrived  at,  is  given 
in  Appendix  I.  Further  experiments  on  the  temperature  co- 
efficients of  these  coils  are  in  progress.  During  the  year,  twelve 
coils  have  been  compared  with  the  B.  A.  standards,  and  certificates 
of  their  values  issued  by  the  Secretary*. 

At  the  Southport  meeting  of  the  Association  a  grant  was  made 
to  defray  the  expense  of  procuring  standards  of  resistance  in  terms 
of  the  ohm.  At  a  meeting  of  the  Committee  held  in  March,  1884, 
it  was  decided  to  defer  the  purchase  of  these  till  after  the  meeting 
of  the  Paris  Congress,  and  a  resolution  was  passed  to  the  effect 
that  "  In  the  event  of  the  Paris  Congress  adopting  any  definite 
standard  of  resistance,  standards  be  ordered  for  the  Committee  in 
accordance  with  that  value." 

The  Paris  Congress  adopted  as  a  standard,  to  be  called  the 
"  legal  ohm,"  the  resistance  at  0°  C.  of  a  column  of  mercury 
106  centimetres  long,  and  one  square  millimetre  in  section.  The 
standard  resistances  at  present  in  use  being  B.  A.  units,  it  became 
necessary  to  assume  a  relation  between  the  B.  A.  unit  and  the 
legal  ohm,  in  order  to  construct  coils  whose  resistance  should  be 
one  legal  ohm.  This  relation  has  been  determined  by  various 
observers  with  slightly  different  results,  and  a  meeting  of  the 
Committee  was  held  on  June  28  to  consider  the  question.  At 
this  meeting  the  following  resolution,  proposed  by  Professor  W.  G. 
Adams,  seconded  by  Lord  Rayleigh,  was  carried : — "  That,  for  the 

*  In  the  original  Keports  tables  were  given  of  the  values  found  for  coils 
submitted  for  test.  Such  results  are  not  of  general  interest  and  they  have, 
therefore,  been  omitted  here. 
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purpose  of  issuing  practical  standards  of  electrical  resistance,  the 
number  of  B.  A.  units  adopted  as  the  resistance  of  a  column  of 
mercury  100  cm.  in  length,  1  sq.  mm.  in  section,  at  0°  C.,  be  "9540." 
Taking  this  number,  then 

1  legal  ohm  =  1'0112  B.  A.  units. 
1  B.  A.  unit  =  -9889  legal  ohms. 

Coils  having  respectively  a  resistance  1,  10,  100,  1000  and 
10,000  legal  ohms  have  been  ordered,  two  of  each  value,  so  that, 
by  frequent  comparison  of  one  with  the  other,  an  accident  to 
either  may  be  checked.  These  standards  are  to  have  their  correct 
values  at  temperatures  near  15°  C. 

The  two  1-ohm  coils  have  been  sent  by  the  makers,  and  their 
testing  is  being  proceeded  with.  When  this  is  complete  the  Com- 
mittee will  be  in  a  position  to  test  and  certify  to  the  values  of 
coils  in  terms  of  the  legal  ohm. 

They  propose  that  the  certificate  should  run  as  follows : — 

"  This  is  to  certify  that  the  resistance  coil  X  has  been  tested 
by  the  Electrical  Standards  Committee,  and  that  its  value  at  a 
temperature  of  4°  centigrade  is  P  legal  ohms. 

"  It  has  been  assumed,  for  the  purposes  of  this  comparison,  that 
one  legal  ohm  is  equal  to  T0112  B.  A.  units." 

The  coils  will  be  stamped  with  the  monogram  ^  and  a  refer- 
ence number. 

A  portion  of  the  grant  has  been  expended  in  some  additions  to 
the  wire  bridge  belonging  to  the  Committee,  which  have  added 
greatly  to  its  utility,  while  two  thermometers  for  the  testing  room 
have  been  purchased. 

The  Committee  would  ask,  in  conclusion,  that  they  may  be 
reappointed,  with  the  addition  of  the  name  of  Mr  W.  N.  Shaw,  in 
order  to  continue  the  work  of  issuing  standards  of  resistance. 
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APPENDIX  I. 

On  the  values  of  the  B.A.  standards  of  resistance  greater 
than  one  B.  A.  unit. 

The  coils  of  approximate  value  10  B.  A.  units  marked  Elliott 
Bros.,  No.  66,  ^  20,  and  No.  67,  ^  21,  respectively,  were 
compared  with  the  B.  A.  standards  by  the  method  described  in  the 
last  Report*,  with  the  results  given  in  the  following  table : — 


Mark  of  coil                   Date 

Value  fouud 
in  B.A.U. 

Temperature 

Elliott  No.  66              July  5 
^  No.  20                July  7 

10-0065 
10-0043 

19-1° 
18-3° 

Elliott  No.  67              July  5 
^  No.  21                July  7 

10-0060 
10-0043 

19-1° 
18-3° 

Elliott  No.  68 
3^  No.  22 

July  24 
August  11 

100-038 
100-115 

16-7° 
19-9° 

Elliott  No.  69 
|E,  No.  23 

July  24 
August  11 

100-024 
100-097 

16-7° 
19-9° 

Elliott  No.  70 
1^  No.  24 

July  26 
August  11 

999-79 
1000-78 

15-8° 
19-9° 

Elliott  No.  71 
^  No.  25 

July  26 
August  11 

999-81 
1000-79 

15-8° 
19-9° 

Elliott  No.  72 
^  No.  26 

August  11 

10006-2 

19-8° 

Elliott  No.  73 
jjj^  No.  27             August  11      j  10006-9 

19-8° 

*  B.  A.  Report  1883,  p.  322. 
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The  coils  were  immersed  in  the  water  bath,  the  temperature  of 
which  remained  constant  during  each  observation,  for  some  days 
before  the  measurements  were  made. 

The  values  thus  found  were  used  for  the  determination  of  the 
coils  of  higher  resistance,  the  methods  of  the  last  Report*  being 
employed  in  this  case  also.  The  insulation  of  the  various  parts  of 
the  apparatus  was  tested  carefully.  Each  result  given  in  the  table 
is  the  mean  of  two  or  more  determinations  at  the  same  tempera- 
ture. The  readings  of  the  thermometer  used  were  compared  with 
those  of  a  standard  instrument. 

*  B.  A.  Eeport  1883,  p.  323. 


TWELFTH   BEPORT— ABERDEEN,    1885. 


THE  Committee  report  that  during  the  year  the  standards  of 
resistance,  in  terms  of  the  legal  ohm  referred  to  in  the  last  Report, 
have  been  constructed,  and  their  values  determined  in  accordance 
with  the  resolution  adopted  on  June  25,  1884. 

The  1-ohm  standards  were  generally  referred  to  the  original 
B.  A.  units  of  the  Association  by  combining  in  multiple  arc  with 
the  standard  one  of  the  100  B.  A.  units,  and  determining  by  Carey 
Foster's  method  the  difference  between  the  combination  and  a 
B.  A.  unit,  and  then  assuming,  in  accordance  with  the  resolution 
that  1  B.  A.  unit  =  '9889  legal  ohm. 

The  following  values  were  thus  found  for  the  two  standards  :  — 


Resistance  Coil,  Elliott,  No.  139, 


100. 


Date 

Temperature 

Resistance 

Nov.  24,  1884 

11-4° 

•99878 

„      26, 

11-6° 

•99890 

»      27, 

12-9° 

•99916 

»      28, 

13-5° 

•99930 

Dec.     5, 

13-5° 

•99931 

„      12, 

15-3° 

•99979 

July  30,  1885 

17-2° 

1-00027 

„      28,     „ 

18-1° 

1-00061 

Mean  value 
Temperature  coefficient 


•999515,  at  14-2°  C. 
•000256. 


Resistance  Coil,  Elliott,  No.  140,          101. 


Date 

Temperature 

Eeeistance 

Nov.  24,  1884 

11-4° 

•99825 

„      25,      , 

11-5° 

•99827 

Dec.     2,      , 

12-8° 

•99847 

Nov.  27,      , 

12-9° 

•99851 

Dec.     5,      , 

13-4° 

•99865 

„      12,      , 

15-4° 

•99917 

July  30,  1885 

17-2° 

•99961 

»      29,     „ 

. 

18-0° 

•99983 

Mean  value 
Temperature  coefficient 


•998845,  at  14-1°  C. 
•000236. 
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The  temperatures  were  taken  by  a  thermometer  graduated  to 
tenths  of  a  degree  centigrade,  which  had  been  compared  with  the 
Kew  standards. 

The  10-ohm  standards  were  then  compared  with  the  1-ohm 
by  means  of  the  arrangement  suggested  by  Lord  Rayleigh,  and 
described  in  the  Report  for  1883,  and  from  these  values  were 
obtained  for  the  coils  of  higher  resistance. 

The  results  are  contained  below. 


No. 

of  Coil 

Resistance 

• 
Temperature 

No.  141, 

^  No.  102 

10-00103 

16-7° 

No.  142, 

3J^  No.  103 

10-00169 

16-75° 

No.  143, 

^  No.  104 

99-9977 

16-05° 

No.  144, 

^  No.  105 

100-0108  f 

16-05° 

No.  145, 

|^  No.  106 

1000-306 

17-4° 

No.  146, 

3JE,  No-  107 

1000-276 

17-4° 

No.  147, 

jj^  No.  108 

10002-4 

17-35° 

No.  148, 

jj^  No.  109 

10002-4 

17-35° 

These  experiments  were  carried  out  at  the  Cavendish  Laboratory 
by  the  Secretary  and  Mr  H.  Wilson,  of  St  John's  College. 

At  the  request  of  M.  Mascart,  the  Secretary  compared  with 
the  legal  ohms  of  the  Association  three  mercury  copies  of  a  legal 
ohm,  constructed  by  M.  J.  R.  Benoit,  of  Paris.  A  detailed  account 
of  these  experiments  was  laid  before  the  Physical  Society*.  The 
values  found  are  given  below. 


No.  of  Tube 

Value  found  by 
M.  J.  R.  Benoit 

Value  found  by 
R.  T.  G. 

Diff. 

37 

38 
39 

1-00045 
1-00066 
•99954 

•99990 
1-00011 
•99917 

•00055 
•00055 
•00037 

Mean 

1-00022 

•99973 

•00049 

*  Phil.  Mag.  Oct.  1885. 


FOR   ELECTRICAL   MEASUREMENTS  331 

The  work  of  testing  resistance-coils  has  been  continued. 

The  Committee  hope  that  arrangements  may  be  made  for 
issuing  standards  of  electromotive  force  and  constructing  standards 
of  capacity.  In  conclusion,  they  would  ask  to  be  reappointed, 
with  the  addition  of  the  names  of  Professor  J.  J.  Thomson  and 
Mr  W.  N.  Shaw,  with  the  renewal  of  the  unexpended  grant 
of  £50. 


THIRTEENTH   REPORT— BIRMINGHAM,   1886. 

THE  Committee  report  that  the  work  of  testing  resistance-coils 
has  been  continued  at  the  Cavendish  Laboratory : — 

Messrs  Elliott  Bros,  called  the  attention  of  the  Secretary, 
during  the  spring  of  the  current  year,  to  the  fact  that  in  some 
of  the  coils  the  paraffin  used  for  insulation  acquired  in  time  a 
greenish  tinge,  which  is  most  marked  round  the  interior  of  the 
case  and  round  the  places  at  which  the  copper  of  the  connecting 
rods  comes  in  contact  with  the  paraffin.  Careful  examination 
shows  this  green  tinge  in  almost  all  the  coils,  and  an  analysis  of 
the  paraffin  made  by  Mr  Robinson,  of  the  Chemical  Laboratory, 
Cambridge,  proved  the  colour  to  be  due  to  a  very  slight  trace  of 
copper.  The  insulation  resistance  of  several  of  the  standards  was, 
therefore,  tested  by  passing  the  current  from  24  Leclanche  cells 
through  a  high  resistance  galvanometer,  and  the  coil  from  the 
case  through  the  paraffin  to  the  wire.  This  resistance  for  most 
of  the  coils  tested  was  found  to  be  from  eight  thousand  to  ten 
thousand  megohms.  One  coil  in  particular,  sent  by  Messrs  Elliott, 
in  which  the  green  coloration  was  most  marked,  had  a  resistance  of 
5000  megohms.  Thus  it  is  clear  that  the  resistance  of  the  coils  has 
not  hitherto  been  seriously  affected  by  the  presence  of  the  copper  in 
the  paraffin,  but  at  the  same  time  it  becomes  necessary  to  watch 
closely  for  any  changes  which  may  occur,  and  to  select  very 
carefully  the  material  used.  There  appears  to  be  great  difficulty 
in  getting  rid  of  all  the  acid  employed  in  the  manufacture  of  the 
paraffin. 

The  only  coil  among  those  tested  which  showed  an  insulation 
resistance,  so  low  as  to  be  serious,  was  the  one  known  in  the 
Reports  as  Flat.  When  the  galvanometer  of  1700  ohms  resistance 
was  shunted  with  4  ohms  a  deflection  of  80  divisions  on  the  scale 
was  obtained.  The  same  deflection  was  obtained  when  the 
resistance  in  circuit  was  a  megohm  and  the  shunt  was  about 
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20  ohms.     Thus  the  insulation  resistance  of  Flat  was  only  about 
i  megohm,  or  200,000  ohms. 

Two  coils  of  special  interest  have  recently  been  sent  to  be 
tested.  One  from  Prof.  Himstedt,  of  Freiburg,  will  connect  his 
determination  of  the  ohm  with  those  made  in  Cambridge ;  while 
the  second  is  a  coil  of  10  B.A.  units  from  the  Johns  Hopkins 
University,  which  has  been  compared  with  the  coils  used  in  the 
determination  of  the  ohm  there.  The  results  of  the  observations 
on  these  coils  are,  however,  not  yet  completely  worked  out. 

The  Committee  wish  to  express  their  sense  of  the  great 
desirability  of  establishing  a  National  Standardising  Laboratory 
for  Electrical  Instruments  on  a  permanent  basis,  and  their  willing- 
ness to  co-operate  in  'the  endeavour  to  secure  the  same. 

The  Committee  have  had  under  consideration  the  question 
of  the  means  to  be  taken  to  secure  the  general  adoption  of  the 
Resolutions  of  the  Paris  Congress. 

The  Committee  have  received  by  the  kindness  of  the  French 
Government  a  specimen  of  the  platinum  iridium  wire,  of  which  it 
is  proposed  that  the  French  National  Standards  of  resistance 
should  be  constructed.  They  hope  shortly  to  make  a  series  of 
measurements  of  its  specific  resistance  and  temperature  coefficient. 

In  conclusion  they  would  ask  to  be  reappointed,  with  the 
addition  of  the  name  of  Mr  J.  T.  Bottomley  and  a  grant  of  £50. 


APPENDIX. 

On  the  Values  of  some  Standard  Resistance  .Coils.     By  the 
SECRETARY  and  T.  C.  FITZPATRICK. 

In  the  last  Report  the  values  of  the  Standard  Legal  Ohm 
Coils  of  the  Association  are  given.  For  the  1-ohm  coils  the 
temperatures  range  from  11°  to  18°,  while  the  coils  of  higher 
resistance  were  examined  only  at  temperatures  near  17°.  It  was 
necessary  in  all  cases  to  extend  the  range  of  temperatures  in  order 
to  determine  the  temperature  coefficient.  The  observations  were 
made  by  the  methods  already  described  in  the  Reports,  and  the 
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values  found  are  given  in  the  following  tables  in  which  the  previous 
results  are  included : — 


Resistance  Coil,         100. 


Date 

Temperature 

Resistance 

Nov.  24,  1884 

11-4° 

•99876 

»      26,     „                   11-6° 

•99888 

„      27,     „                   12-9° 

•99916 

»      28,     » 

13-5° 

•99930 

Dec.     5,     „ 

13-5° 

•99931 

„      12,     „ 

15-3° 

•99979 

July  30,  1885 

17-2° 

1-00027 

»      28,     „ 

18-1° 

1-00061 

Mean  value      

Temperature  coefficient 


•999510  at  14-18°. 
•000271  per  1°  C. 


Date 

Temperature 

Resistance 

Nov.  21,  1885 

7° 

•99753 

jj      -^4,     ,, 

7-5° 

•99770 

»     23,     „ 

8-1° 

•99787 

Jan.  30,  1886 

11-4° 

•99876 

Nov.  30,  1885 

11-6° 

•99878 

Jan.  22,  1886 

12-5° 

•99906 

Nov.  30,  1885 

12-6° 

•99911 

Mean  value      

Temperature  coefficient 

Mean  value  of  whole  series 
Temperature  coefficient 


•998401  at  10'10°. 
•000274  per  1°  C. 

•998770  at  12-28°. 
•000272  per  1°  C. 


These  results  are  represented  graphically  in  Plate  8  by  the 
curve  ^j[^  100,  which  is  drawn  through  the  means  derived  from 
the  two  series,  and  represents  within  the  limits  of  accuracy  of  the 
experiments  all  the  observations  of  the  two  series,  the  mean  error 
from  the  curve,  omitting  one  observation,  being  about  '00002. 

In  the  diagram  the  circles  indicate  the  observations  of  1884-5, 
the  dots  those  of  1885-6. 


FOR   ELECTRICAL   MEASUREMENTS 


335 


Resistance  of  Coil,  ^  101. 


Date 

Temperature 

Resistance 

Nov.  24,  1884 

11-4° 

•99813 

..      -•),     .. 

11-5° 

•99815 

Dec.     2,     „ 

12-8° 

•99847 

Nov.  27,     „ 

12-9° 

•99851 

Dec.     5,     „ 

13-4° 

•99865 

„      12,     „ 

15-4° 

•99917 

July  30,  1885 
,,     29,     „ 

17-2° 
18° 

•99961 
•99983 

Mean  value      

Temperature  coefficient 


•998815  at  14'15°. 
•000259  per  1°  C. 


Date 

Temperature 

Resistance 

Nov.  21,  188* 

6-9° 

•99677 

5)           ''"^          )1 

7'7° 

•99698 

>,      23,     „ 

7-9° 

•99704 

Jan.  20,  1886 

11-3° 

•99793 

Nov.  30,  1885 

11-8° 

•99803 

Jan.  22,  1886 

12-4° 

•99821 

Nov.  30,  1885 

12-6° 

•99834 

Jan.  26,  1886 

139° 

•99868 

»     28,     „ 

14-3° 

•99876 

Mean  value       

Temperature  coefficient  from  this  series 


•997860  at  10'98° 
•000272  per  1°  C. 


On  plotting  these  results  it  becomes  clear  at  once  that  the 
straight  line  joining  the  means  of  the  two  series  will  not  represent 
the  results  at  all. 

The  first  series  is  represented  by  the  upper  curve  !^  101  (1), 

the  second  series  by  the  lower  curve  ^  101  (2). 

Thus  it  would  seem  that  between  November  1884  and 
November  1885  this  coil  had  lost  in  resistance  about  "00015  ohm 
at  a  temperature  of  12°  C.  Again,  the  two  curves  are  not  parallel, 
so  that  it  would  seem  at  first  sight  that  the  temperature  coefficient 
also  has  altered;  but  this  inference  is  hardly  justifiable,  for  the 
experiments  in  series  (1)  cover  the  time  from  November  1884  to 
July  1885,  the  high  temperature  observations  being  made  at  the 
later  date ;  if  then  during  that  period  the  coil  was  decreasing  in 
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resistance  the  temperature  coefficient  would  necessarily  be  too 
low ;  moreover  we  notice  that  the  observations  for  July  1885  do 
not  lie  very  far  from  the  curve  which  represents  the  results  of  the 
second  series. 

We  infer  then  that  of  the  two  coils  of  platinum  silver  made  at 
the  same  time— two  years  from  the  present  date — one  3^  100  has 
not  changed  since  that  date,  and  has  a  value  of 

•998770  legal  ohm  at  12*28° 

with  a  temperature  coefficient  of  '000272,  while  the  other  has 
changed  by  about  '00015  ohm,  and  now  has  a  value  of  '997860  at 
10'98°  and  a  temperature  coefficient  also  of  '000272. 

The  fact  that  the  temperature  coefficient  of  ^  101  is  the 
same  as  that  of  ^  100  would  appear  to  show  that  it  has  now 
reached  its  permanent  state. 

Messrs  Elliott  Bros,  possess  a  standard  jj^  63,  made  at  the 
same  time  as  the  above  two  coils  which  in  August  1884  had  a 
resistance  of 

1-00027  legal  ohms  at  18'8°, 

while  in  April  1886  it  was  found  to  be  '99928  at  16'6°  and 

•99992  at  18'6°. 

From  this  it  follows  that  its  value  at  18'8°  would  be  '99998, 
indicating  a  fall  of  '00029  in  a  year  and  eight  months. 

This  coil  showed  marked  traces  of  the  green  coloration  referred 
to  in  the  Report,  but  its  insulation  resistance  was  tested  and  found 
to  be  8000  megohms.  Both  the  coils  ^  100  and  101  show  slight 
traces  of  the  green  colour ;  their  insulation,  however,  is  remarkably 
high.  It  would  seem,  then,  that  it  is  very  necessary  to  avoid  the 
use  of  newly  made  coils  in  important  researches,  and  to  keep  a 
careful  check  on  any  secular  changes  by  means  of  repeated 
comparisons.  I  hope  when  the  permanence  of  ^  101  has  been 
certainly  established  to  remove  the  paraffin  and  see  if  there  is  any 
change  in  the  coil  visible  to  the  eye  which  could  account  for  this 
fall  in  resistance. 

The  two  10-ohm  coils  ^  102,  103  have  also  been  compared 
with  the  1-ohm  in  the  manner  described  in  the  Reports,  and  the 
values  are  given  in  the  tables  below.  These  coils  are  stated  by 
Messrs  Elliott  Bros,  to  be  made  of  "  the  same  wire  of  platinum 
silver  '015  of  an  inch  diameter  and  3'52  metres  long." 
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Resistance  of  Coil,         102. 


Date 

Temperature 

Value 

July  1885 

16-8° 

10-00210 

»        11 

16-7° 

10-00222 

5}                 11 

167° 

10-00129 

11                V 

16-6° 

10-00103 

March  1886 

15.6° 

9-99833 

99                   99 

11-9° 

9-98830 

99                    99 

11-8° 

9-98797 

Nov.  1885 

8-2° 

9-97711 

11         11 

7-5° 

9-97512 

11         11 

6-5° 

9-97250 

Mean  value      

Temperature  coefficient 


9-990597  legal  ohms  at  12-83°. 
•00289. 


This  is  represented  by  the  straight  line  (drawn  thus  — 
on  the  diagram)  ^  102,  Plate  9. 


Resistance  of  Coil,         103. 


Date 

Temperature 

Value 

July  1885 

16-9° 

10-00202 

11        11 

16-8° 

10-00197 

11        11 

16-65° 

10-00130 

11        a 

16-6° 

10-00142 

March  1886 

15-6° 

9-99815 

a        11 

12° 

9-98767 

a        a 

11-8° 

9-98692 

Nov.  1885 

8-3° 

9-97479 

a        a 

7-7° 

9-97315 

a        11 

6-5° 

9-96975 

Mean  value 
Temperature  coefficient 


9-989714  at  12'88C 
•00312. 


This  is  represented  by  the  second  line  (drawn  black  on  the 
diagram)  3^  103,  Plate  9. 

This  difference  between  the  temperature  coefficients  has  been 
checked  by  determining  the  difference  between  the  coils  at  different 
temperatures  directly,  and  the  results  of  the  comparison  are  quite 
satisfactory. 

B.  A.  22 
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The  proportional  errors  of  the  individual  observations  are 
somewhat  larger  in  this  case  than  they  were  for  the  single  ohms, 
amounting  in  one  or  two  cases  to  '0006,  or  6  in  100,000,  but  the 
accordance  is  perhaps  as  good  as  can  be  expected.  The  point  of 
interest  lies  in  the  fact  that  the  temperature  coefficients  of  the  two 
coils  differ  so  considerably  as  '00289  and  '00312  per  1°  C.  although 
made  at  the  same  time  from  the  same  wire. 

Similar  observations  have  been  made  on  the  coils  of  100,  1000, 
and  10,000  ohms,  but  their  number  is  not  yet  sufficient  for  the 
construction  of  the  curve  of  variation  with  temperature.  These 
we  hope  to  lay  before  the  Association  on  some  future  occasion. 


FOURTEENTH  REPORT— MANCHESTER,    1887. 

THE  Committee  report  that  the  work  of  testing  resistance  coils 
has  been  continued  at  the  Cavendish  Laboratory. 

Shortly  after  the  Birmingham  meeting  of  the  Association  the 
Secretary  received  a  letter  from  the  Board  of  Trade  enclosing  a 
copy  of  the  general  bases  of  a  convention  proposed  by  the  French 
Government  for  the  consideration  of  the  Powers,  with  the  object 
of  carrying  out  the  resolutions  of  the  Paris  Congress  with  regard 
to  electrical  standards. 

The  convention  stipulates  that  a  legal  character  is  to  be  given 
to  (1)  the  legal  ohm;  (2)  the  ampere;  (3)  the  volt;  (4)  the 
coulomb ;  (5)  the  farad. 

It  charges  the  Bureau  International  des  Poids  et  Mesures, 
established  by  the  Metric  Commission,  with  the  construction  and 
conservation  of  the  international  prototypes  of  the  standard  of 
electrical  resistance,  the  comparison  and  verification  of  national 
standards  and  secondary  standards. 

These  questions  had,  at  the  request  of  some  of  the  English 
delegates  to  the  Congress  of  1883,  been  considered  by  the 
Committee  at  the  Birmingham  meeting,  and  the  following  series 
of  resolutions,  which  the  Secretary  was  instructed  to  forward  to 
the  British  Government,  had  been  agreed  to  on  the  motion  of 
Sir  William  Thomson,  seconded  by  Professor  W.  G.  Adams : — 

(1)  To  adopt  for  a  term  of  ten  years  the  legal  ohm  of  the 
Paris  Congress  as  a  legalised  standard  sufficiently  near  to  the 
absolute  ohm  for  commercial  purposes. 

(2)  That  at  the  end  of  the  ten  years'  period  the  legal  ohm 
should  be  defined  to  a  closer  approximation  to  the  absolute  ohm. 

(3)  That  the  resolutions  of  the  Paris  Congress  with  respect 
to  the  ampere,  the  volt,  the  coulomb,  and  the  farad  be  adopted. 

(4)  That  the  resistance  standards  belonging  to  the  Committee 
of  the  British  Association  on  electrical  standards  now  deposited 
at  the  Cavendish  Laboratory  at  Cambridge  be  accepted  as  the 

22—2 
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English  legal  standards  conformable  to  the  adopted  definition  of 
the  Paris  Congress. 

In  reply,  therefore,  to  the  letter  of  the  Board  of  Trade,  the 
Secretary  forwarded  a  copy  of  the  above  resolutions,  with  a 
statement  of  some  of  the  reasons  which  had  led  to  their  adoption 
by  the  Committee. 

During  the  year  the  original  standards  of  the  Association  have 
again  been  compared  by  the  Secretary.  An  account  of  this 
comparison  and  of  the  very  complete  one  made  in  the  years 
1879-80-81  by  Dr  Fleming,  the  details  of  which  have  not  been 
published  previously,  will  be  given  shortly. 

At  the  last  meeting  of  the  Committee  it  was  resolved,  on  the 
motion  of  Mr  W.  H.  Preece,  seconded  by  Sir  William  Thomson,  to 
recommend  the  adoption  of  the  Watt  as  the  unit  of  power. 

The  Watt  is  defined  to  be  the  work  done  per  second  by  the 
ampere  passing  between  two  points  between  which  the  difference 
of  electrical  potential  is  one  volt. 

The  Committee  were  also  of  opinion  that  it  is  highly  desirable 
to  proceed  with  the  construction  of  an  air-condenser  as  a  standard 
of  capacity,  and  for  this  purpose  they  desire  to  be  reappointed, 
with  the  addition  of  the  name  of  Mr  Thomas  Gray  and  a  grant 
of  £100. 


FIFTEENTH   REPORT— BATH,    1888. 

IN  conformity  with  the  opinion  expressed  by  the  Committee 
in  their  last  Report  some  steps  have  been  taken  towards  the 
construction  of  an  air-condenser. 

A  meeting  was  held  in  London  and  Dr  Alex.  Muirhead 
exhibited  an  air-condenser  of  capacity  about  '0035  mf.  This  con- 
denser consists  of  a  series  of  concentric  cylinders  of  brass  insulated 
from  each  other  by  glass  rods. 

Dr  Muirhead  expressed  his  willingness  to  lend  this  condenser 
to  the  Committee  with  two  others  of  similar  construction,  and  it 
was  agreed  that  the  Secretary  should  be  requested  to  test  them 
and  to  make  a  determination  of  their  absolute  capacity.  Some 
delay  in  sending  the  instruments  to  Cambridge  unavoidably  took 
place,  but  the  experiments  requisite  are  now  in  progress ;  so  far, 
of  the  £80  granted  last  year  for  the  purpose  only  £2. 10s.  has  been 
expended. 

During  the  year  the  original  resistance  standards  of  the 
Association  have  been  compared  with  each  other  by  the  Secretary 
and  Mr  T.  C.  Fitzpatrick ;  an  account  of  the  experiments  is  given 
in  an  appendix  to  the  Report,  together  with  a  chart  giving  the 
values  of  their  resistance  between  10°  and  20°.  The  general 
result  of  the  comparison  is  that  with  two  exceptions  the  relative 
values  of  the  standards  between  the  temperatures  of  10°  and  20° 
have  not  seriously  changed  since  they  were  constructed  in  1865 
until  June  1888.  A  change  of  about  '0002  B.  A.  unit  has  been 
observed  in  the  coil  F  since  the  end  of  June  1888. 

The  attention  of  the  Committee  has  been  directed  by  several 
practical  electricians  to  the  desirability  of  a  redetermination  of 
the  value  of  the  specific  resistance  of  copper.  It  is  known  that 
copper  wire  is  now  made  having  a  resistance  3  or  4  per  cent,  less 
than  Matthiessen's  standard. 
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In  view  of  the  importance  of  copper  to  electricians  the 
Committee  have  undertaken  to  make  experiments  on  the  specific 
resistance  of  copper,  and  wish  to  thank  the  various  gentlemen, 
who  have  brought  the  matter  forward,  for  their  offers  of  help. 

At  the  last  meeting  of  the  Committee  it  was  resolved,  on  the 
motion  of  Mr  W.  H.  Preece,  to  adopt  the  name  "  Therm  "  for  the 
Gramme- Water  Degree  Centigrade  Unit  of  Heat. 

Thus  one  "  Therm "  is  the  quantity  of  heat  required  to 
raise  one  gramme  of  water  at  its  maximum  density  one  degree 
Centigrade. 

It  was  also  agreed  to  adopt  the  name  "  Joule  "  for  107  C.G.s. 
units  of  work.  Thus  a  Joule  is  equal  to  107  ergs.  It  is  the  work 
done  in  one  second  by  the  power  of  one  Watt,  or  again  the  work 
done  when  a  current  of  one  Ampere  flows  for  one  second  between 
two  points  between  which  the  difference  of  potential  is  one  Volt, 
and  hence  a  power  of  one  Watt  is  one  Joule  per  second. 

Hence,  also,  if  we  take  the  value  of  the  mechanical  equivalent 
of  heat  as  4'2  x  107  ergs,  we  have 

1  Therm  =  4*2  Joules. 

In  accordance  with  a  suggestion  made  at  the  Manchester 
meeting  the  value  of  the  resistance  of  mercury  in  terms  of 
the  B.  A.  unit  has  been  again  determined  by  the  Secretary  and 
Mr  Fitzpatrick*. 

They  find  that  a  column  of  mercury  1  metre  long  1  sq.  mm. 
in  section  has  at  0°  C.  a  resistance  of  "95352  B.  A.  unit,  and  that 
the  value  of  the  ohm  in  centimetres  of  mercury  is  106'29. 

The  Committee  are  of  opinion  that  they  should  be  reappointed, 
with  the  addition  of  the  name  of  Mr  T.  C.  Fitzpatrick,  to  continue 
the  experiments  already  referred  to ;  they  ask  for  a  grant  of 
£100.  They  propose  that  Professor  G.  Carey  Foster  should  be 
the  Chairman  and  Mr  R  T.  Glazebrook  the  Secretary. 

*  Proc.  Royal  Soc.  vol.  XLIV.  ;  Phil.  Trans.  1888. 


FOR   ELECTRICAL   MEASUREMENTS 


343 


APPENDIX. 

On  the  Permanence  of  the  Original  Standards  of  Resistance  of  the 
British  Association  and  of  other  Standard  Coils.  By  R.  T. 
GLAZEBROOK  and  T.  C.  FITZPATRICK*. 

The  original  standards  were  compared  together  by  Messrs 
Matthiessen  and  Hockin  in  1865  and  1867,  by  Messrs  Chrystal 
and  Saunder  in  1876,  by  Dr  Fleming  in  1879-81,  and  by  the 
Secretary  and  Mr  Fitzpatrick  in  1887-88.  The  details  of  Dr 
Fleming's  observations  have  never  been  published,  and  we  have 
to  thank  him  for  having  placed  his  note-book  and  papers  at  our 
disposal. 

The  question  of  the  permanence  of  wire  standards  has  been 
discussed  recently  by  Professor  Himstedt,  Wied.  Ann.  xxxi.  p.  617, 
and  it  seemed  desirable  to  bring  together  all  the  information 
attainable  as  to  the  original  coils  of  the  Association  and  others 
used  by  Messrs  Matthiessen  and  Hockin  in  1867. 

The  original  coils  of  the  Association  are  six  in  number,  and 
the  temperatures  at  which  each  has  a  resistance  of  1  B.A.U. 
are  given  by  Mr  Hockin  in  the  Report  for  1867.  In  addition  to 
these  six  coils  Messrs  Chrystal  and  Saunder  examined  the  coil 
No.  29,  marked  F  by  them,  and  also  a  coil  known  as  Flat,  which 
are  not  mentioned  in  Mr  Hockin's  Report.  The  results  of  these 
two  comparisons  are  given  in  the  following  table : — 

TABLE  I. — Table  giving  the  results  of  comparisons 
in  1867  and  1876. 


Material  of 

Pr>il 

No.  in 
1867 

Mark  in 
1876 

Temperature  at 
which  Coil  is 

Temperature  at 
which  Coil  is 

Report 

Report 

1  B.A.U.  ,  1867 

1  B.A.U.,  1876  1 

Pt  Ir 

2 

A 

16 

16-1 

Ptlr 

3 

B 

15-8 

15-8 

An  Ag 

58 

C 

15-3 

15-3 

Pt 

35 

D 

15-7 

16 

Pt 

36 

E 

15-7 

15-8 

Pt  Ag 

29 

F 

not  given                    (19'4?) 

Pt  Ag 

43 

V 

15-2                          18-2 

*  See  also  Report  for  1908. 

t  In  obtaining  this  column  it  was  assumed  that  B  remained  unchanged  between 
1867  and  1876. 
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It  will  be  noticed  that  the  coil  G  of  Pt  Ag  is  the  only  one  for 
which  the  table  shows  any  marked  alteration. 

Now  Matthiessen  gives  as  the  percentage  increase  of  resistance 
per  1°  C.  for  Pt  Ir  the  value  '032.  Our  own  experiments  show  it 
to  be  lower  than  this,  and  the  value  found  for  G  by  Dr  Fleming 
after  a  most  careful  series  of  experiments  is  '0278.  I  can  find  no 
record  of  the  temperature  at  which  Hockin  actually  worked.  If 
it  were  below  15°  and  the  temperature  at  which  the  coil  was  right 
was  found  by  the  use  of  the  coefficient  '032  the  temperature  so 
found  would  be  too  low. 

If  we  assume  Hockin's  measurements  to  have  been  made  at 
0°  C.  and  take  Fleming's  value  '028  for  the  coefficient  we  find  the 
temperature  at  which  the  coil  was  right  to  be  18' 1°. 

We  have  next  to  consider  the  very  complete  series  of  measure- 
ments taken  by  Dr  J.  A.  Fleming  in  1879-81 ;  the  results  of  these 
measurements  were  tabulated  on  a  chart  which  has  been  kept 
with  these  coils  since  that  date.  For  the  details  of  the  experi- 
ments we  have  to  thank  Dr  Fleming,  who  placed  at  our  disposal 
his  note-books.  The  principle  of  his  observations  was  as  follows. 
If  X,  Y  be  two  coils  to  be  compared,  one  X,  say,  was  kept  at 
0°  C.,  while  the  temperature  of  Y  was  varied  from  0°  to  20°.  The 
differences  between  the  resistance  of  X  at  0°  and  Y  at  various 
temperatures  were  measured  by  Carey  Foster's  method  in  terms 
of  the  wire  of  the  Fleming  bridge.  The  values  of  this  difference 
were  plotted  as  ordinates,  the  temperatures  being  the  abscissae, 
and  thus  a  curve  was  obtained  giving  the  variation  of  resistance 
with  temperature  for  the  coil  Y.  For  the  standard  coil  Flat  this 
curve  is  accurately  a  straight  line.  This  coil  was  then  kept  at  0°, 
and  the  temperature  of  X  varied,  and  so  on  for  all  the  coils. 

Now,  at  the  temperatures  given  in  Table  I.,  column  4,  taken 
from  the  1867  Report  the  resistances  of  all  the  coils  should  be  the 
same.  Fleming  found  that  this  was  not  quite  strictly  true.  He 
defines  therefore  as  the  Mean  B.  A.  unit  the  mean  of  the  values 
of  the  coils  at  the  temperatures  at  which  they  were  originally 
said  to  be  equal.  This  value  is  shown  on  his  diagram  by  a  red 
horizontal  line. 

For  the  coils  of  platinum  silver  alloy,  which  is  now  used  for 
standards,  Fleming's  results  are  accurately  represented  by  straight 
lines  for  the  temperature  curves.  This,  however,  is  not  so  strictly 
the  case  for  the  coils  A  and  B  of  platinum  iridium  alloy ;  thus  for 
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these  two  coils  Fleming  took  observations  in  the  neighbourhood 
of  0°,  4°,  8°,  15°,  and  21°,  numerous  observations  being  made  at 
each  temperature ;  the  straight  line  on  the  chart  joining  the 
means  of  the  observations  at  15°  and  21°  passes  considerably  above 
the  observations  at  0°,  4°,  and  8°.  The  same  too  is  the  case, 
though  in  a  less  marked  degree,  for  the  platinum  coils  D  and  E. 
In  the  chart  as  drawn  by  Fleming  it  has  been  assumed  that  the 
temperature  curves  are  straight  lines,  and  these  have  been  drawn 
to  represent  all  the  observations  as  closely  as  possible,  but  the 
differences  are  considerable. 

If  we  draw  curves  instead  of  straight  .  lines  to  represent 
Fleming's  experiments  these  curves  between  10°  and  20°  are  in 
all  cases  nearly  straight,  and  the  differences,  at  the  two  tempera- 
tures, from  Flat  at  0°  are  given  in  bridge  wire  divisions  in 
Table  II. 

TABLE  II. 


Temperature  10° 

Temperature  20° 

A 

-88 

205 

B 

-97 

196 

C 

11 

155 

D 

-280 

338 

E 

-  263 

348 

F 

44 

100 

G 

40 

94 

Flat 

56 

112 

i 

We  could  determine  from  this  table  the  temperatures  at 
which  the  various  coils  are  equal,  and  hence  compare  Fleming's 
results  with  those  of  previous  observers ;  it  will  be  easier  to  do 
this  after  discussing  our  own  observations. 

During  the  past  year  and  a  half  the  coils  have  again  been 
examined  by  ourselves.  We  find  that  between  the  temperatures 
of  about  10°  and  20°  Centigrade  the  resistances  of  the  coils, 
including  an  eighth  coil  H  (No.  6  of  the  Report  of  1867),  may  be 
represented  by  the  formulae  given  in  Table  III. 

In  obtaining  the  table  it  has  been  assumed,  in  accordance 
with  the  observations  of  Dr  Fleming,  confirmed  by  Lord  Rayleigh 
and  ourselves,  that  the  resistance  of  one  division  (about  1  mm.) 
of  our  bridge  wire  at  a  temperature  of  15°  is  '0000498  B.A.U 
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The  table  gives  in  B.  A.  units  the  value  of  Rt  —  Flat0,  Rt  being 
the  resistance  of  the  coils  in  order  at  temperature  t°,  Flat0  that  of 
Flat  at  0°. 

The  results  of  these  observations  are  given  in  the  chart*, 
Plate  10. 

The  vertical  divisions  are  ten  bridge  divisions,  and  the  hori- 
zontal divisions  0*2°  C.  In  the  original  chart,  which  is  retained 
with  the  standards,  the  vertical  divisions  were  one  bridge  division, 
or  -0000498  B.A.U. 

About  eleven  observations  on  each  coil  are  recorded  in  the 
chart,  and  in  but  few  cases  is  the  error  between  observation  and 
the  corresponding  straight  line  greater  than  that  which  would 

TABLE  III. 


Coil 

^-Hat0in  B.A.U. 

A 

-  -00386  +  -001  426  (*  -  1  0) 

B 

-  -00431  +  -001436  (*-  10) 

C 

+  •00057  +  -0007  10  (*-10) 

D 

-  -01434  +  -003078  (t  -  10) 

E 

-  -01330  +  -003023  (1  -  10) 

F 

+  -00227  +  -000286  (t  -  10) 

G 

+  -00192+  -000274  (t  -  10) 

H 

+  -00202  +  -00028  1  (f  -  10) 

Flat 

+  -00279  +  -000279  (*-  10) 

arise  from  an  error  of  one-tenth  of  a  degree  Centigrade  in  the 
temperature  of  the  coil. 

If  as  above  we  adopt  as  the  Mean  B.  A.  unit  the  mean  of  the 
value  of  the  coils  at  the  temperature  at  which  each  was  said  to  be 
originally  correct  we  find  that  this  mean  lies  on  our  chart  at  a 
distance  of  78'3  divisions  above  the  value  of  Flat  at  0°,  so  that 

Flat  at  0°  =  1  -  -00390  B.A.U. 

The  value  given  on  Fleming's  chart  is  Flat  at  0°  =  1  -  '00410  B.A.U., 
and  the  difference  is  within  the  errors  of  reading  on  his  chart. 

We  have  thus  the  data  for  finding  the  resistance  of  any  of  the 
coils  in  Mean  B.A.U.  at  any  temperature  between  10°  and  20°. 

It  remains  to  compare  these  results  and  those  of  previous 


*  NOTE.     The  smaller  letters  in  brackets  after  some  of  the  observations  on  the 
chart  give  the  initials  of  the  observer. 
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observers.  We  will  take  Fleming's  observations  first,  and  for  this 
purpose  have  given  in  Table  IV.  the  differences  in  bridge  wire 
divisions  between  the  coils  at  temperatures  of  10°  and  20°  and 
Flat  at  0°.  For  the  sake  of  comparison  Table  II.  is  repeated. 

A  comparison  of  the  corresponding  columns  shows  that  the 
differences  except  possibly  in  the  case  of  A  and  B  at  the  lower 
temperature  are  probably  not  greater  than  the  error  of  experiment. 
It  must  be  remembered  that  A  and  B  change  by  28  bridge 
divisions  for  1°  Centigrade,  while  for  D  and  E  the  change  is  about 
60  divisions  per  degree;  the  temperature  of  the  coils  is  hardly 
certain  to  Ol°  Centigrade  and  the  differences  are  within  that 
error.  As  to  the  platinum  silver  coils  it  would  seem  possible  that 

TABLE  IV. 


Value  of  JB  -  Flat0  at  10° 

Value  of  R  -  Flat0  at  20° 

Coil 

! 

1880 

1888 

1880 

1888 

A 

-88 

-77-5 

205 

209 

B 

-97 

-86-5 

196 

202 

C 

11 

11-5 

155 

154 

D 

-280 

-288 

338 

330 

E 

-263 

-267 

348 

340 

F 

44 

45-5 

100 

103 

0 

40 

38-5 

94 

93-5 

H 



40-5 



97 

Flat 

56 

56 

112 

112 

F*  has  risen  relatively  to  Flat  by  '0001  B.A.U.  and  that  G  has 
fallen  by  *00005 ;  but  these  differences  are  almost  too  small  to 
make  certain  of.  With  regard  to  the  results  for  A  and  B  at  10° 
it  may  be  remarked  that  Fleming's  line  for  these  coils  is  more 
curved  than  for  any  of  the  others,  and  that  his  observations  at 
6'9°  and  at  3°  lie  distinctly  above  the  line  which  seems  to  represent 
best  the  observations  at  0°,  9°,  15°,  and  higher  temperatures.  The 
observations  are  not  at  sufficiently  close  intervals  of  temperature 
to  enable  the  curved  line  to  be  drawn  with  accuracy,  and  it  is 
clear  when  plotting  them  that  the  curve  near  10°  may  be  wrong 
by  as  much  as  5  or  6  bridge  wire  divisions. 

We  would  conclude  then  that  there  is  no  certain  evidence  for 

*  The  results  of  other  experiments  confirm  this  rise  in  the  value  of  F. 
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a  change  in  the  coils  in  the  interval  1880  to  1888.  A  comparison 
with  the  results  of  Hockin  and  Chrystal  is  not  quite  so  easy.  It 
is  clear  from  the  chart  that  the  coils  are  not  exactly  equal  at  the 
temperatures  originally  stated,  and  any  table  of  temperatures  at 
which  they  may  be  said  to  have  the  value  of  1  B.  A.  unit  will 
depend  on  the  assumption  made  as  to  possible  changes  in  any  of 
the  coils.  Chrystal  in  1876  found  that  the  coils  B  and  0  were 
equal  at  the  temperatures  at  which  they  were  originally  stated  to 
be  each  1  B.  A.  unit.  He  supposed  these  coils  had  not  altered  and 
found  on  that  assumption  a  table  of  standard  temperatures  which 
agrees  well  with  that  of  Hockin  except  for  the  coil  G.  According 
to  our  observations  the  coils  now  marked  as  B  and  G  are  no  longer 
equal  at  the  temperatures  mentioned.  We  find,  however,  that  D, 
E,  and  G  are  practically  equal  at  the  temperatures  given  by 
Chrystal,  and  if  we  suppose  G  has  not  altered  we  get  the  following 
table  of  standard  temperatures  : — 

TABLE  V. 


Coil 

Standard  Temperature, 
1876 

Standard  Temperature, 

1888 

A 

16-1 

15-7 

B 

15-8 

16 

0 

153 

15-1 

D 

16 

16 

E 

15-8 

15-8 

F 

19-4? 

16-9 

G 

18-4 

18-4 

H 



17-9 

Flat 

— 

15-2 

The  change  in  C,  as  shown  in  this  table,  is  not  large,  probably 
hardly  greater  than  would  be  accounted  for  by  experimental  error, 
while  D,  E,  and  G  agree  very  closely. 

The  differences  in  the  case  of  A,  B,  and  F  are  important.  To 
take  F  first.  It  is  a  platinum  silver  coil,  No.  29  of  the  original 
report.  Its  temperature  is,  however,  not  given  in  the  Report  for 
1867,  p.  211,  nor  is  it  marked  on  the  coil  itself.  Chrystal  says 
that  it  was  used  in  some  of  the  experiments  "  because  its  variation 
coefficient  was  small,  but  otherwise  we  have  not  bestowed  much 
attention  on  it."  In  his  first  table  he  states  that  the  results 
given  for  F  came  from  a  single  experiment,  and  he  gives  as  its 
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variation  coefficient  per  1°  Centigrade  28  divisions  of  his  bridge, 
while  Flat  and  G,  also  platinum  silver  coils,  have  coefficients  of  34 
and  35  divisions.  Now  the  observations  of  Fleming  and  ourselves 
show  that  without  any  doubt  these  coils  Flat,  F,  and  G  have 
practically  the  same  coefficient,  viz.,  '00028  B.A.U.  per  1°  C. 
Taking  Chrystal's  bridge  wire  as  '075  ohm  as  stated  by  him,  his 
value  for  Flat  and  G  comes  to  -00026  B.A.U.,  which  is  in  fair 
agreement;  while  for  F  we  find  -00021,  a  value  which  is  now 
undoubtedly  too  low.  We  must  infer  either  that  the  value  of  F 
has  changed  considerably  or  that  there  is  some  accidental  error 
in  the  one  observation  given  in  Chrystal's  table.  The  change 
necessary  to  account  for  the  temperature  difference  recorded  in 
Table  V.  would  be  an  increase  in  resistance  of  '00067  B.A.U. 

Let  us  now  examine  the  numbers  for  A  and  B.  It  will  be 
seen  at  once  that  they  have  altered  appreciably,  having,  in  fact, 
just  changed  places.  Their  temperature  coefficients  are  nearly  the 
same,  and  there  is  no  doubt  that  throughout  Chrystal's  observations 
the  coil  he  called  B  was  slightly  higher  in  value  than  A,  while 
throughout  the  observations  of  Fleming  and  ourselves  the  reverse 
has  been  the  case.  The  question  naturally  arises,  have  the  coils 
been  interchanged  ?  Chrystal  (B.  A.  Report,  1876,  p.  1 7)  states  that, 
though  they  have  no  proper  labels,  they  are  marked  in  some  way 
or  other  so  as  to  be  identifiable.  At  the  present  time  they  have 
brass  labels  screwed  on  to  the  ebonite  of  the  frame  bearing  the 
stamp  B.A.  76  A  and  B.A.  76  B  respectively.  These  were  placed 
on  at  the  time  of  Chrystal's  observations,  and  there  seems  just  the 
possibility  of  an  accidental  interchange. 

The  coil  H,  No.  6,  of  the  original  Report  is  marked  as  correct 
at  15*3°.  It  is  now  correct  in  the  sense  used  above  at  17 '9°,  and 
here  again  we  have  apparently  a  large  change.  The  resistance 
would  appear  to  have  gone  down  by  about  '00070  B.A.U.  in  the 
twenty-two  years  which  have  elapsed  since  it  was  made.  This 
corresponds  closely  to  the  change  in  G  observed  by  Chrystal 
between  1867  and  1876.  Now  we  know  that  G  has  not  changed 
relatively  to  C,  D,  and  E,  since  1876 — unfortunately  H  was  not 
examined  by  Chrystal — and  we  are  led  to  ask  whether  the  change 
was  a  real  one,  or  due  in  some  way  to  the  observations.  The 
suggestion  already  made  in  case  of  G  applies  again.  The  tem- 
perature coefficient  used  by  Matthiessen  and  Hockin  is  certainly 
too  high,  -00032  instead  of  '00028.  If  his  observations  on  the 
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platinum  silver  coils  were  made  at  low  temperatures,  and  then 
the  value  of  the  temperature  at  which  the  coil  is  correct  was 
found  by  the  use  of  the  temperature  coefficient,  the  result  would 
be  too  low.  It  will  be  seen  shortly  that  all  the  platinum  silver 
coils  examined,  not  merely  those  already  mentioned,  appear  to 
have  fallen  appreciably  in  value  relative  to  the  others. 

But  we  have  another  method  of  comparing  the  results. 
Chrystal  has  given  a  table  of  the  differences  at  10°  between  each 
of  the  coils  and  Flat.  Now  we  have  seen  reason  to  believe  that 
there  is  not  much  change  in  C,  D,  E,  and  G.  Let  us  find  from 
Chrystal's  table  the  value  of  the  difference  between  G  and  the 
various  coils  at  10°,  and  compare  these  with  our  results.  In  doing 
this  some  uncertainty  is  introduced  from  the  fact  that  the  value 
of  the  bridge  wire  in  Chrystal's  observations  was  only  determined 
approximately  as  '075  B.A.U.  In  this  way  we  get  the  following 
Table  VI. 

TABLE  VI. 


Value  of  G  -  X  at  10°  in  B.A.U. 

X 

Difference 

1876 

1888 

A 

•00693 

•00583 

•00110 

B 

•00648 

•00635 

•00013 

C 

•00162 

•00135 

•00027 

D 

•01596 

•01632 

-•00036 

E 

•01506 

•01527 

-  -00021 

F 

-•00018 

-  -00035 

•00017 

On  examining  these  differences  it  would  seem  that  A  has 
changed  greatly,  while  B  has  remained  unaltered.  This  is  not  in 
accordance  with  the  conclusions  derived  from  Table  V.,  and  will 
require  further  consideration.  With  regard  to  the  other  four  coils, 
the  differences  are  almost  within  errors  of  observation  and  are 
in  fair  agreement  with  Table  V.  Coil  G  appears  to  have  risen 
relative  to  G  by  '00027 ;  thus,  since  its  temperature  coefficient  is 
•00071,  this  would  correspond  to  an  apparent  fall  in  the  temperature 
at  which  it  is  right  of  about  0'3°  Centigrade.  Table  V.  shows  that 
there  has  been  a  fall  in  this  temperature  of  0'2°. 

The  temperature  coefficients  of  D  and  E  are  about  '00308,  so 
that  the  differences  recorded  for  these  coils  would  be  accounted 
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for  by  an  error  of  0'1°  in  the  temperature,  while  the  change  in  F 
relative  to  G  is  so  small  as  to  be  within  the  experimental  errors. 
We  are  thus  led  to  infer  that,  while  C  may  have  risen  slightly, 
the  others  have  not  changed  by  any  but  a  very  small  amount. 
This  conclusion  as  regards  F  is  at  variance  with  the  one  derived 
from  Table  V.  In  fact,  while  at  10°  F  is  above  G  in  value ;  owing 
to  the  small  temperature  coefficient  used  by  Chrystal  for  F,  its 
curve  of  resistance  crosses  that  of  G,  and  at  temperatures  near  18°, 
at  which  G  is  about  right,  F  is  considerably  below  it. 

If  we  take  Chrystal's  value  for  F  at  10°  and  the  temperature 
coefficient  '00026  instead  of  -00021  used  by  him,  we  find  that  F 
would  be  right  at  about  17'6°  instead  of  at  19*4°,  as  given  by 
Chrystal.  This  is  much  closer  to  16 '9°,  the  value  given  by  our 
observations ;  if  we  take  it  instead  of  the  19'4°  of  Table  L,  the 
results  of  this  Table  VI.  and  of  Table  V.  would  point  to  a  rise  in 
the  value  of  F  of  about  '00017. 

The  conclusion  then  that  would  seem  to  follow  from  a  com- 
parison of  these  two  series  of  observations  in  1876  and  1888  would 
seem  to  be  that,  while  considerable  uncertainty  attaches  to  the 
coils  A  and  B,  changes  in  the  other  five  coils,  C,  D,  E,  F,  and 
G,  if  they  have  occurred  at  all,  are  probably  not  so  great  as 
•0002  B.  A.  unit.  C  and  F  may  possibly  have  risen  by  this 
amount,  while  D,  E,  and  G  have  not  varied  at  all. 

Professor  Chrystal's  observations  in  1876  are  in  accordance 
with  those  of  Messrs  Matthiessen  and  Hockin  in  1865  and  1867, 
while  the  results  of  Dr  Fleming's  work  in  1880  agree,  as  we  have 
seen,  with  our  own  at  the  present  date. 

The  observations  recorded  and  discussed  above  were  made 
mostly  at  temperatures  between  10°  and  20°.  A  considerable 
number  more  were  made  during  the  cold  weather  in  January  and 
February  of  the  present  year  at  temperatures  near  0°,  and  we  must 
now  consider  them. 

At  these  low  temperatures  the  observations  are  not  nearly  so 
concordant  as  those  already  considered.  The  terminals  of  the  coils 
are  stout  rods  of  copper,  and  whenever  the  temperature  of  the 
room  is  different  from  that  of  the  bath  in  which  the  coils  are 
placed  heat  is  conducted  to  them  through  the  copper  rods  and  the 
temperature  becomes  uncertain ;  besides  this  it  is  difficult  to 
prevent  the  deposition  of  moisture  on  the  paraffin  with  which 
the  cases  are  filled,  and  this  again  becomes  a  source  of  error 
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Table  VII.  gives  a  series  of  the  differences  observed  between  the 
various  coils  and  Flat.  The  coils  were  in  a  north  room  of  which 
the  windows  were  open,  and  the  temperature  in  the  room  was  on 
the  average  about  2°  C.  The  differences  are  given  in  bridge  wire 
divisions. 

Now  from  Tables  III.  or  IV.  we  can  easily  calculate  what  these 
differences  ought  to  be  if  we  suppose  that  the  temperature  curves 
are  straight  lines.  In  making  a  comparison  of  the  results  of  this 
calculation  with  the  observed  values  given  in  Table  VII.  some 
allowance  must  be  made  for  the  fact  that  the  bridge  wire  referred 
to  in  Table  IV.  was  at  a  mean  temperature  of  about  15°,  while  in 
Table  VII.  the  temperature  was  about  2°.  Now  the  temperature 
coefficient  of  the  bridge  wire — platinum  iridium — is  about  '00143  ; 

TABLE  VII. 


Coil 

Feb.  22, 
Morn- 
ing 

Feb.  22, 

After- 
noon 

Feb.  23 

Feb.  24, 

After- 
noon 

Feb.  25, 
Morn- 
ing 

Feb.  25, 
After- 
noon 

March 

Mean 

A 

433-9 

422-4 

424-4 

428 

422-7 

422-6 

425-9 

B 

459-9 

452-4 

454-7 

455-8 

452-0 

— 

451-5 

454-7 

C 

136 

— 

— 

— 

— 

134-6 

135-5 

134-3 

D 

913-8 

922-4 



927-4 

921-0 





921-7 

E 

894-2 

895-4 

— 

905-8 

907-0 

— 

— 

901-1 

F 

6'4 

5-4 

5-3 

7-5 

7-8 

9-6 

9 

7-3 

G 

14-1 

16-8 

— 

16-8 

16-7 

18-4 

18 

16-5 

H 

15-7 

15-7 

16 

16-7 

15-4 

17 

16 

16-1 

thus  the  change  in  resistance  for  13°  of  temperature  will  be  '0185 
of  the  resistance  at  2°,  and  we  shall  have  to  reduce  each  of  our 
observed  values  by  this  fraction  of  itself. 

We  thus  get  the  following  Table  VIII.  of  values  of  the  difference 
at  0°  between  Flat  and  the  various  coils. 

On  examining  these  it  is  at  once  clear  that  the  supposition  that 
the  temperature  curves  for  A  and  B  are  straight  lines  is  false. 

The  other  coils,  with  perhaps  the  exception  of  F,  would  lie  at 
0°  on  the  straight  line  which  represents  the  observations  between 
10°  and  20°  within  the  limits  of  the  errors  of  experiments. 

The  numbers  given  in  Table  VIII.  agree  well  with  those  found 
by  Fleming  in  1880  with  the  exception  of  the  coils  A  and  B. 

Some  observations  made  at  intermediate  temperatures  are  in 
agreement  with  the  statements  just  made.  Thus  on  March  2,  the 
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temperature  of  the  room  being  12°,  we  found  that  at  4*9°  C.  the 
difference  between  A  and  Flat  at  0°  was  256  bridge  wire  divisions, 
while  for  B  at  4'8°  the  difference  was  280  bridge  wire  divisions. 

Thus  in  conclusion  we  infer  that  while  the  observations  in 
1880  and  1888  are  in  close  accord  for  temperatures  between  10° 
and  20°  there  is  a  discrepancy  between  them  at  lower  temperatures 
for  the  two  coils  of  platinum  iridium  A  and  B.  The  other  coils, 
however,  do  not  show  any  marked  evidence  of  change.  For  the 
same  two  coils  there  is  a  discrepancy  between  our  results  and 
those  of  Chrystal  in  1876  and  Hockin  in  1867.  For  the  other 
coils  the  agreement  between  Chrystal  and  ourselves  is  as  close  as 
can  well  be  expected,  and  our  results  as  well  as  those  of  Chrystal 
agree  with  Hockin's  for  the  gold  silver  coil  C  and  the  platinum 

TABLE  VIII. 


Coil 

Observed  Value  of 
Flat  -  X  corrected 
for  temperature 
of  bridge 

Value  of  Flat-  X 
at  0°  obtained 
from  Table  HI. 

Difference 

A 

417-7                          364 

53-7 

B 

446-1                          375 

71-1 

C 

131-8 

131 

0-8 

D 

904-2 

906 

-   1-8 

E 

884-0 

874 

-10. 

F 

7-2 

12 

-   4-8 

G 

16-2 

16-5 

-   0-3 

H 

15-8 

16 

0-2 

coils  D  and  E.  According  to  both  Chrystal  and  ourselves  the 
platinum  silver  coils  have  fallen  in  value  relatively  to  the  others 
by  something  like  '0006  B.A.U.,  corresponding  to  change  in  the 
temperature  at  which  they  are  correct  of  some  2°  Centigrade.  We 
have  seen,  however,  that  G,  the  only  one  of  these  coils  which  was 
carefully  examined  by  Chrystal  in  1876,  has  not  altered  since. 
In  its  case  the  whole  fall,  if  it  occurred  at  all,  took  place  between 
1867  and  1876,  and  we  suggest  that  possibly  the  fall  has  not  been 
a  real  one,  but  merely  apparent,  owing  to  the  use  of  the  wrong 
temperature  coefficient  by  Hockin. 

As  has  been  said  already,  the  value  that  has  been  assumed  as 
the  Mean  B.  A.  unit  since  Fleming  constructed  his  chart  in  1876 
is  the  mean  of  the  values  of  the  six  coils  A,  B,  C,  D,  E,  and  G 
mentioned  in  the  Report  for  1867  at  the  temperatures  at  which 
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they  were  then  said  to  be  correct.  In  terms  of  this  unit  we  find 
(Table  IX.)  the  present  values  at  the  temperatures  of  1867.  We 
also  give  in  the  last  column  but  one  the  temperatures  at  which 
these  coils  have  the  value  1  B.  A.  unit,  and  in  the  final  column  the 
temperature  coefficients  per  1°  Centigrade  also  in  B.  A.  units. 

There  remains  now  for  consideration  the  results  of  comparisons 
which  we  have  made  on  various  other  standard  coils  originally 
issued  by  the  Committee,  and  which  have  most  kindly  been  put 
at  our  disposal  by  their  owners  for  the  purposes  of  the  Report. 

TABLE  IX. — Giving  the  Values  in  1888. 


| 

OQ  ^ 

«S 

«.-§  §t- 

-MOO 

vy-i  t"^, 
CO 

B*^§ 

^  §  2oo 

«^s 

s'^  5 

O  rH 

£3  *Q  rH 

CJ       *    S  '"^ 

8**""1     -^3* 

"3  g'S 

Coil 

?1 

Material 

111 

s?^s 

•  PH 

l|5 

*"*  .2  0 

•2  ?** 

a  •«  S 

-3  S  2  > 

C  .^1  ^^ 

c3    ^  CQ 

t&Pg 

§  *  8 

^  «^'5c 

§  fe  -^r 

EH  O 

O 

H 

>^^ 

H   - 

A 

2 

Ptlr 

16° 

1-00075 

15'4° 

•00143 

B 

3 

Pt  Ir 

15-8° 

1-00010 

15-7° 

•00144 

C 

58 

Au  Ag 

15-3° 

1-00050 

14-8°          -00071 

D 

35 

Pt 

15-7° 

•99930 

15-9° 

•00308 

E 

36 

Pt 

15-7° 

1-00000 

15-7° 

•00302 

F 

29 

PtAg 

— 

— 

15-7° 

•00028 

G 

43 

PtAg 

15-2° 

•99940 

17-3° 

•00028 

H 

6* 

PtAg 

15-3° 

— 

16-8° 

•00028 

Flat 

PtAg 

— 

— 

14-0° 

•00028 

Messrs  Elliott  Bros,  have  three  coils.  One,  No.  41  of  the 
original  set,  was  made  by  Matthiessen  in  1864.  A  second,  No.  56, 
was  first  examined  by  Lord  Rayleigh  in  1882 :  these  two  are 
B.  A.  units,  while  the  third,  Elliott,  No.  117,  is  a  legal  ohm,  first 
tested  by  R.  T.  G.  in  1884.  These  coils  are  all  of  platinum  silver, 
with  a  temperature  coefficient  of  '00028.  Table  X.  gives  the 
temperatures  at  which  they  were  found  correct  at  different  dates. 

The  observations  made  in  1887  are  separated  from  the  others 
by  a  double  line  because  during  1886  it  was  observed  that  the 
paraffin  used  in  the  insulation  was  becoming  green,  and  it  was 
therefore  removed  and  replaced  by  pure  ozokerit.  In  consequence 
of  this  some  change  may  easily  have  taken  place  in  the  coils,  and 
the  record  after  1884  must  be  treated  as  a  fresh  one. 


*  This  coil  is  not  mentioned  in  the  Report  of  1867. 
the  label. 


The  details  given  are  from 
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In  the  first  coil  the  most  noticeable  point  is  the  drop  of  2° 
between  1864  and  1879 ;  but  since  this  drop  is  followed  by  a  rise 
of  1°  in  the  next  twelve  months  one  may  feel  uncertain  as  to 
whether  it  is  real  or  due  to  some  error  in  1879. 

In  the  next  five  years  there  appears  to  be  a  gradual  rise 
in  temperature  corresponding  to  a  fall  in  resistance ;  the  total 
amount  would  correspond  to  a  change  in  resistance  of  about 
'0004  B.  A.  unit.  The  removal  of  the  paraffin  has  seriously 
affected  No.  41. 

TABLE  X. 
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No.  41     ^  No.  55 

15-2 

13-2 

14-2 

14-5 

15-5 

15 

6-2 

No.  56     ^  No.  56 

— 

— 

— 

14-1 

15-4 

— 

14-7 

No.  117  3^  No.  63 

— 

— 

— 

- 

17-8 

— 

16-8 

The  next  coil,  also  of  platinum  silver,  is  one  belonging  to 
Professor  Carey  Foster.  He  writes  as  follows : — "  It  professed  to 
be  equal  to 

1  B.A.  unit  at  14-2°  C. 

I  had  it  direct  from  Matthiessen,  who,  I  believe,  adjusted  it 
specially  for  me  from  his  standards."  On  comparing  it  with  F 
in  May  1887  we  find  that  it  has  a  resistance  of  "99983  Mean 
B.  A.  unit  at  16'2°.  It  would  therefore  be  right  at  16'8. 

This,  of  course,  shows  a  considerable  change,  corresponding 
apparently  to  a  fall  in  its  resistance  of  about  '00073  B.A.  unit. 
It  will  be  noticed  that  this  fall  is  just  about  the  same  as  that 
observed  in  the  platinum  silver  units  of  this  Committee — F,  G, 
and  H.  We  shall  refer  to  it  again  in  connection  with  the  next 
series  of  observations. 

But  by  far  the  most  important  series  of  coils  are  a  set 
belonging  to  Mr  H.  A.  Taylor.  With  regard  to  them  he  writes : — 
"Most  of  my  coils  belonged  to  Hockin  long  before  I  knew  him, 
and  at  his  death  they  were  given  to  me  by  his  father."  "The 
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early  history  of  these  coils  is  lost,  unless  it  can  be  found  in 
Matthiessen's  note-books.  I  am  informed,  however,  that  the  one 
unit  coil  I  sent  you  both  last  year  and  this,  ^  No.  68,  was  copied 
by  Hockin  from  the  B.  A.  coils  you  now  have  at  Cambridge  at 
the  time  when  he  had  regular  access  to  them.  Whether  from 
a  particular  standard  or  from  the  mean  of  several,  I  do  not  know ; 
but  he  considered  it  to  be  at  15*5°  C.  less  than  the  B.  A.  unit  by 
•0003.  I  presume  the  Au  Ag  coils,  Nos.  19  and  34,  were  verified 
by  Matthiessen  and  Hockin,  as  they  have  the  formal  B.  A.  stamp. 
With  regard  to  the  tens,  one,  I  think,  belonged  to  Hockin  and  the 
other  was  purchased  by  Messrs  H.  C.  Forde  and  Fleeming  Jenkin 
of  the  Committee  in  the  usual  manner." 

TABLE  XI. — Assuming  a  Coil  (Hockin  s  Standard)  tested  by 
Electrical  Standards  Committee  (  ^  No.  68)  to  be,  as  stated 
by  Hockin,  smaller  than  1  B. A.  unit  by  3  °/00  (three-hundredths 
per  cent.)  at  15*5C  C.  The  Table  shows  the  Resistance  in  terms 
of  \  B.A.  unit  of  other  Standards  15 '5°  C.  at  the  dates  given. 


^ 

*3 

rf* 

*J 

.ft 

*j 

13 

Material 

II 

December  18 
Observations 
15-5°  C. 

if 

May  1879. 
Observations 
15-5°  C. 

080 

June  1887. 
Observations 
16T  C. 

|| 

1  (C.  F.  T.)  copy  called  right! 
at  16-1°  Centigrade.  J 

PtAg 

2-6 

•99994 

•99997 

•99985 

•99984 

•99985 

- 

1  (No.  19)  B.  A.  coil  issued! 
as  right  at  15'5°  C.  J 

Au  Ag 

6-5 

- 

•99969 

•99980 

•99979 

•99963 

- 

1  (No.  34)  B.  A.  coil  issued! 
as  right  at  15'8°  C.  / 

AuAg 

6-9 

1-00007 

1-00014 

1-00023 

1-00023 

1-00016 

1-00020 

10  (C.  F.  T.)  copy  called  right! 
at  15-6°  C.  J 

PtAg 

2-6 

- 

10-0001 

9-9992 

9-9991 

9-9991 

- 

10  (No.  3)  B.A.  coil  issued! 
as  right  at  (?)  J 

PtAg 

3-1 

10-0008 

10-0021 

10-0013 

10-0013 

10-0012 

10-0011 

10  (No.  4)  B.  A.  coil  issued! 
as  right  at  16'0°  C.  J 

PtAg 

3-1 

10-0009 

- 

9-9995 

9-9999 

9-9997 

9-9991 

Where  the  temperature  of  observation  differs  from  15'5°  C.  the  reductions 
to  that  temperature  are  made  by  the  temperature  coefficients  given. 

Table  XL  gives  Mr  H.  A.  Taylor's  observations  on  his  coils  on 
the  assumption  that  Hockin's  standard  has  not  changed. 

The  evidence  of  a  change  is  very  small.  The  observations 
have  lasted  over  14  years.  For  the  first  coil  there  would  seem 
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possibly  to  have  been  a  drop  of  about  '0001  between  1875  and 
1879.  The  next  coil  may  have  risen  by  as  much  and  fallen  again, 
while  the  third  coil  would  seem  to  have  risen  by  '00015.  The 
results  for  the  10-ohm  coils  are  much  the  same.  From  the  results 
of  six  coils,  some  of  platinum  silver,  some  of  gold  silver,  we  conclude 
that  there  is  certain  evidence  of  no  change  greater  than  1  in  10,000 
during  the  last  fourteen  years. 

The  next  Table  enables  us  to  compare  these  coils  with  the 
standards  at  Cambridge.  It  will  be  noticed  at  once  that  relatively 
to  the  Cambridge  standards  the  coils  have  all  fallen. 

TABLE  XII. 


Col.  I 

Col.  II 

Col.  Ill 

Col.  IV 

Col.  V     Col.  VI 

Coils 

Nominal  Value 
as  Issued 

Glazebrook's 
Determination 

Temperature 
Coeificient 
(Hockin's) 

Temperature 
Coefficient 
(Taylor's) 

Present  Resist- 
ance of  the  Coils 
at  the  Tempera- 
tures given  in 
Col.  I 

Per 

From       From 

Hun- 

cent. 

Cols.  II    Cols.  II 

Cent. 

Cent. 

dredths 

per  1° 

and  III    and  IV 

No.  19  

1-00000  at  15-53 

•99959  at  16'5° 

6-5 

6'97 

•99894       '99889 

No.  34  

1-00000  at  15-8° 

1-00030  at  16*7° 

6-9 

7'4 

•99968       -99963 

IK'S*   68    ... 

•99970  at  15'5° 

(  -99926  at  16'6°  (1888) 

3-1           2'8 

•99892        '99895 

^j 

t  -99985  at  18'25°  (1887)  '      3'1       ,     2'8 

•99900       '99908 

Assumed 

10  No.  3  =  3^6., 

10-00000  at  15'5° 

10-00209  at  18-1° 

3-1 

9-99403 

Let  us  take  first  Hockin's  standard  3^  68.  Using  Taylor's 
temperature  coefficient  we  find  as  its  present  value — the  mean  of 
the  two  given  in  the  last  column — at  15'5°,  '99901.  It  has  there- 
fore fallen  relatively  to  the  Mean  B.  A.  unit  by  '00069,  practically 
the  same  fall  as  that  found  for  all  the  other  platinum  silver  coils 
examined.  The  coil  C.F.T.  (the  first  coil  in  Table  XL)  will  also 
clearly  have  fallen  by  the  same  amount.  Similarly  with  the  ten 
unit  platinum  silver  coil  ^  69,  it  has  fallen  from  10  to  9'9940, 
or  by  '006,  nearly  the  same  percentage ;  and  since,  according  to 
Table  XL,  the  coils  have  not  changed  relatively  to  each  other  and 
to  the  gold  silver  coils  by  more  than  one-sixth  of  this  amount  since 
1874,  there  is  some  probability  that  the  change,  if  it  has  taken 
place  at  all,  occurred  between  1867  and  1874.  It  will  be  re- 
membered that  we  arrived  at  a  similar  conclusion  with  regard 
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to  G.  The  difference  between  the  values  of  ^  68,  found  by 
myself  in  1887  and  1882  as  recorded  in  the  two  last  lines  of 
Table  XII.,  arises  from  the  fact  that  in  1887  the  coil  was 
compared  with  F,  and  in  1888  with  Flat  and  G.  In  making  the 
calculations  it  was  assumed  that  the  values  of  F,  Flat,  and  G 
in  terms  of  the  Mean  B.  A.  unit  had  remained  unchanged 
since  Fleming's  time.  The  results  of  our  comparisons  given  in 
Tables  IV.,  V.,  etc.,  would,  as  has  been  said,  point  to  a  slight  rise 
in  F  of  possibly  as  much  as  '0001,  and  this  would  reconcile  the 
two  values  for  1  H  ^  68.  As  regards  the  gold  silver  coils 
Nos.  19  and  34,  if  we  take  the  value  as  issued,  the  one  has  fallen 
by  -00111,  the  other  by  '00037.  We  must  remember  that  the 
temperature  coefficients  for  these  coils  are  much  greater  than  for 
the  platinum  silver  coils. 

If,  however,  we  compare  the  values  as  issued  with  those  found 
by  Taylor  in  1875 — Table  XL,  column  five — we  find  that  while 
No.  19  was  then  '99969  at  15'5,  showing  a  fall  of  '00031,  No.  34 
was  1 '00014,  showing  a  rise  of  '00014.  Since  this  date  No.  19  has 
fallen  therefore  by  '0008,  and  No.  34  by  '00051,  and  these  numbers 
are  within  the  limits  of  error  of  the  fall  of  '00065  found  for  the 
platinum  silver  coils.  We  would  infer  then  that  while  apparently 
there  was  a  serious  change  in  these  coils  relatively  to  the  platinum 
silver  standards  between  the  date  of  issue  and  1875,  since  that 
date  there  has  been  no  change.  On  referring  to  Mr  Taylor's  letter 
on  p.  355  it  will  be  noticed  that  the  history  of  these  coils  previous 
to  1875  is  uncertain;  all  that  is  known  is  that  they  have  the 
formal  B.A.  stamp,  and  it  is  stated  in  the  Fourth  Report  of  the 
Committee,  1866,  that  all  the  coils  issued  are  correct  to  '0001  at 
the  temperatures  stated. 

There  is  still  another  coil  of  some  interest.  This  is  now 
marked  ^  54.  It  was  made  in  accordance  with  the  sugges- 
tion of  Chrystal  in  1876,  with  a  thermoelectric  junction 
attached.  Fleming  compared  it  with  his  standards  in  1879 
and  1880.  In  1884  it  was  again  compared  by  us  and  found 
to  have  the  value  '99658  B.A.U.  at  8'3°,  with  a  temperature 
coefficient  of  '000295.  It  was  then  sent  to  Professor  Kohlrausch 
at  Wurzburg  for  comparison  with  some  mercury  units  con- 
structed by  Strecker,  and  was  returned  by  him  at  the  end  of  his 
experiments. 

In  1888  it  was  again  compared  and  found  to  be  '99653  B.A.U. 
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at  8'3°,  with  a  coefficient  of  '000290.  It  will  be  seen  that  the 
change  is  '00005,  which  is  within  the  temperature  errors. 

Thus  we  conclude,  from  this  general  account  of  the  condition  of 
the  coils  at  present,  that  with  the  exception  of  the  platinum  iridium 
coils  A  and  B  there  is  no  evidence  of  any  change  of  as  much  as 
•0001  B.A.U.  since  the  years  1874  or  1876,  but  that  all  the  platinum 
silver  coils  and  the  two  gold  silver  coils  belonging  to  Mr  Taylor 
changed  apparently  by  about  '0007  B.A.U.  between  the  time  of 
their  construction  and  the  time  at  which  they  were  examined  by 
Chrystal  and  by  Taylor  respectively.  This  change  may  of  course  be 
a  real  one ;  we  incline,  however,  to  suppose  that  it  is  apparent  only, 
and  offer  the  following  explanation,  already  several  times  referred  to. 

Hockin  says  in  a  note  to  his  Table  of  Temperatures,  British 
Association  Report,  1867,  which  gives  the  temperatures  for  the 
standard  coils  of  the  Association :  "  The  values  given  in  the  above 
Table  are  deduced  from  the  german-silver  coil  called  B*  used  in 
your  Committee's  experiments  in  1864." 

He  does  not  seem  to  have  compared  among  themselves  the 
standards  of  various  materials,  but  to  have  referred  each  to  B. 
Now  we  are  ignorant  of  the  temperature  at  which  the  comparison 
was  made,  but  we  know  he  used  the  coefficient  -00032.  This  at 
present  is  too  high  by  '00004.  If  we  suppose  that  Hockin  made 
his  determinations  with  the  coils  in  ice,  then  this  error  in  the 
temperature  coefficient  would  lead  him  to  a  value  for  the  coil  at 
15°,  which  would  be  too  high  by  '0006. 

Having  once  got  a  platinum  silver  coil  supposed  to  be  known, 
it  would  be  natural  to  use  it  as  a  standard  rather  than  any  of  the 
others,  because  of  its  low  temperature  coefficient,  and  the  error 
made  in  the  original  determination  of  G  would  thus  be  perpetuated. 
This  conclusion  is  borne  out  by  the  observations  on  Messrs  Elliott's 
coil  No.  41,  Table  X.  Its  standard  temperature  fell  apparently  by 
2°  between  the  time  of  its  issue  by  Matthiessen  in  1864  and 
Hockin's  comparison  in  1879,  and  then  rose  again  between  1879 
and  1882.  This  would  be  accounted  for  if  we  suppose  that  Hockin's 
platinum  silver  standard  was  too  low. 

P.S. — November  1888. — Since  the  experiments  detailed  above 
were  completed  a  considerable  change  has  taken  place  in  F.  It  is 
now  almost  exactly  equal  to  Flat,  that  is,  it  has  risen  in  value  by 
'00048  B.  A.  unit.  Further  investigations  as  to  the  cause  of  this 
must  be  left  till  the  next  Report. 

*  This  is  not  the  same  as  our  B. 


SIXTEENTH   REPORT— 
NEWCASTLE-UPON-TYNE,  1889. 

FURTHER  steps  have  been  taken  towards  the  construction  of 
an  air  condenser.  As  stated  in  the  last  Report,  Dr  Alexander 
Muirhead  kindly  placed  at  the  disposal  of  the  Committee,  for 
the  purpose  of  experiment,  three  such  condensers  which  he  had 
constructed.  A  series  of  tests  of  these  condensers  was  carried 
out  by  the  Secretary,  and  laid  before  a  meeting  of  the  Committee 
in  London  on  April  15th.  It  was  then  decided  to  adopt 
Dr  Muirhead's  form  of  condenser  for  the  new  instruments  of 
the  Committee,  and  two  condensers,  each  having  a  capacity  of 
about  '01  microfarad,  have  been  ordered  from  the  Cambridge 
Scientific  Instrument  Company.  It  was  hoped  that  these  would 
have  been  completed  early  this  summer,  but  great  difficulties  have 
been  met  with  in  obtaining  the  brass  tubes  required  for  their 
construction,  and,  though  well  advanced,  they  are  not  yet  finished. 
A  detailed  description  of  their  design  is  therefore  left  to  the  next 
Report. 

A  second  subject  of  investigation  has  been  the  specific  re- 
sistance of  copper.  During  the  year  Mr  T.  C.  Fitzpatrick  has 
made  a  large  series  of  experiments  to  determine  this,  and  the 
Committee  desire  to  thank  cordially  those  manufacturers  and 
others  who  have  given  him  assistance  in  this  research.  They 
would  specially  mention  the  firms  of  Messrs  Thomas  Bolton  and 
Sons,  of  Cheadle,  and  Messrs  Frederick  Smith  and  Co.,  of  Halifax. 

Before  publishing  the  results  of  this  investigation,  Mr  Fitz- 
patrick is  desirous  of  experimenting  on  some  copper  which  .is 
being  prepared  for  him  by  chemical  means — all  which  has  been 
used  hitherto  has  been  electrically  deposited — and  of  attempting 
still  further  to  purify  some  of  the  copper  already  in  his  possession. 

Two  members  of  the  Committee,  Sir  William  Thomson  and 
Mr  Preece,  were  present  at  the  recent  Electrical  Congress  in 
Paris.  They  report  that  the  following  resolutions,  several  of 
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which   have   already   been   agreed   to   by   the   Committee,  were 
unanimously  adopted. 

(1)  L'unite  pratique  de  travail  est  le  joule.     II  est  egal  a  107 
unites  c.G.s.  de  travail.      C'est  1'energie  depensee  pendant  une 
seconde  par  un  ampere  dans  un  ohm. 

(2)  L'unite  pratique  de  puissance  est  le  watt.     II  est  egal  a 
107  unites  c.G.s.  de  puissance.     Le  watt  est  egal  a  un  joule  par 
seconde. 

Dans  la  pratique  industrielle,  on  exprimera  la  puissance  des 
machines  en  kilowatts,  au  lieu  de  1'exprimer  en  chevaux-vapeur. 

(3)  Pour   evaluer   1'intensite    d'une    lampe    en    bougies,   on 
prendra  comme  unite  pratique,  sous  le  nom  de  bougie  de'cimale*, 
la  vingtieme  partie  de  1'etalon  absolu  de  lumiere  defini  par  la 
Conference  internationale  de  1884 

(4)  L'unite  pratique  de  coefficient  d'induction  est  le  quadrant. 

1  quadrant  =  109  centimetres. 

(5)  La   periode  d'un  courant  alternatif  est  la  duree  d'une 
oscillation  complete. 

(6)  La  frequence  est  le  nombre  de  periodes  par  seconde. 

(7)  L'intensite  moyenne  est  definie  par  la  relation 


(8)  L'intensite  efficace  est  la  racine  carree  du  carre  moyen  de 
1'intensite  du  courant. 

(9)  La  force  electromotrice  efficace  est  la  racine  carree  du 
carree  moyen  de  la  force  electromotrice. 

(10)  La  resistance  apparente  est  le  facteur  par  lequel  il  faut 
multiplier   1'intensite   efficace  pour  avoir  la  force  electromotrice 
efficace. 

(11)  Dans  un  accumulateur,  la  plaque  positive  est  celle  qui 
est  relie'e  au  pole  positif  de  la  machine  pendant  la  charge,  et  qui 
est  le  pole  positif  pendant  la  decharge. 

(12)  Le  Congres  recommande  comme  moyen  de  determiner 
le  degre  d'incandescence  d'une  lampe,  la  methode  proposee  par 
M.  Crova. 

Ces  diverses  propositions  sont  adoptees  a  I'unanimite'. 

*  La  bougie  decimale  ainsi  definie,  se  trouve  etre  tres  sensiblement  e"gale  a  la 
bougie  anglaise  (Candle  standard)  et  au  dixieme  de  la  Carcel. 
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As  an  English  equivalent  of  the  above  the  Committee  have 
adopted  the  following  resolutions,  which  they  hope  will  meet  with 
general  acceptance. 

(1)  The  name  of  the  practical  unit  of  work  shall  be  the  Joule. 
The  Joule  is  equivalent  to  107  C.G.S.  units  of  work.      It  is  the 
energy  expended  during  1  second  by  a  current  of  1  ampere  when 
traversing  a  resistance  of  1  ohm. 

(2)  The  name  of  the  practical  unit  of  power  shall  be  the 
Watt.     The  Watt  is  the  rate  of  working  of  a  machine  performing 
1  joule  per  1  second.     The  power  of  a  machine  would  naturally  be 
expressed  in  kilo-watts  instead  of  in  horse-power. 

(3)  The  name  of  the  practical  unit  of  light  intensity  shall  be 
the  Candle*.     The  Candle  is  equal  to  the  twentieth  part  of  the 
absolute  standard  of  light  as  defined  by  the  International  Conference 
of  1884. 

(4)  The  name  of  the  practical  unit  of  induction  shall  be  the 
"  Quadrant."     One  Quadrant  is  equal  to  109  centimetres. 

(5)  The  "  Period  "  of  an  alternating  current  is  the  duration  of 
a  complete  oscillation. 

(6)  The  "  Frequency  "  of  an  alternating  current  is  the  number 
of  complete  oscillations  per  second. 

(7)  The   "  Mean   Current "    through   a   circuit   is   the    time 

average  of  the  current  and  is  defined  by  mean  current  =  ™  I   idt> 

J-  J  o 
i  being  the  current  at  each  instant  of  the  time  T. 

(8)  The    "  Effective    Current "    is   the   square   root   of    the 
time   average   of    the   square   of    the    current.      Thus,   effective 

current  = 

(9)  The  "  Effective  Electromotive  Force  "  is  the  square  root 
of  the  time  average  of  the  square  of  the  electromotive  force.    Thus, 

/(I  [T        } 

effective  electromotive  force  =  *  /  \m  \    e*dt\ ,  e  being  the  actual 

V    [J.  Jo        J 

electromotive  force  at  each  instant  of  the  time  T. 

*  It  will  be  seen  that  the  Committee  recommend  the  names  "Candle"  and 
"Impedance"  as  the  equivalents  for  the  French  terms  "Bougie  decimale  "  and 
"Resistance  apparente"  respectively.  With  regard  to  the  latter,  they  are  of 
opinion  that  it  is  desirable  to  restrict  the  term  "Resistance"  to  actions  purely 
dissipative. 

The  candle  is  also  very  approximately  equivalent  to  the  English  standard 
candle  and  to  one-tenth  of  the  Carcel. 
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(10)  The  "  Impedance  "  is  the  factor  by  which  the  effective 
current  must  be  multiplied  to  give  the  effective  electromotive 
force.     Thus,  in  the  case  of  a  circuit  of  resistance  R  ohms,  and 
self-induction  L  quadrants,  in  which  a  simple  harmonic  electro- 
motive force  of  frequency,  n/%7r  is  acting,  Impedance  =  V{J£2  +  Z2^2). 

(11)  In  an  Accumulator  the  positive  pole  is  that  which  is 
connected  with  the  positive  pole  of  the  machine  when  charging, 
and  from  which  the  current  passes  into  the  external  circuit  when 
discharging. 

Of  the  £100  voted  to  the  Committee  last  year,  £75  has  been 
drawn  from  the  treasurer ;  £60  towards  defraying  the  cost  of  the 
air-condensers  and  £15  for  some  resistance  coils  and  thermometers 
required  for  testing. 

The  Committee  are  of  opinion  that  they  should  be  reappointed, 
with  the  addition  of  the  name  of  Prof.  J.  Viriamu  Jones,  and  with 
a  grant  of  £50  to  continue  the  experiments  which  are  now  in 
progress. 

They  propose  that  Prof.  G.  Carey  Foster  should  be  the  Chairman 
and  Mr  R.  T.  Glazebrook  the  Secretary. 


SEVENTEENTH   REPORT— LEEDS,    1890. 

THE  original  standards  of  the  Association  have  again  been 
several  times  compared  among  themselves. 

The  results  of  the  comparisons  appear  to  show  that  while  the 
coils  A,  B,  C,  D,  E,  and  Flat  have  remained  constant  relative  to 
each  other,  the  three  platinum  silver  coils  F,  G,  and  H  have 
changed. 

The  change  in  F  was  referred  to  at  the  end  of  the  Report  in 
1888,  and  is  now  very  large.  The  coil  has  increased  in  resistance 
by  about  '0006  B.  A.  unit;  G,  on  the  other  hand,  has  fallen  by 
about  '0002  B.  A.  unit,  and  H  by  about  '0001  unit.  The  evidence 
for  these  various  statements  is  given  in  an  appendix  to  the  Report 
by  the  Secretary. 

It  is  perhaps  worth  remark  that  in  each  case  the  change  either 
took  place  during  the  time  that  the  coil  was  immersed  in  ice  or 
was  found  to  have  happened  when  the  coil  was  next  measured 
after  its  removal  from  the  ice. 

The  legal  ohm  coils  have  not  varied  relative  to  Flat. 

The  investigations  into  the  resistance  of  copper  have  been 
continued  by  Mr  Fitzpatrick.  The  Committee  desire  again  to 
thank  the  gentlemen  who  have  rendered  him  assistance. 

Mr  Fitzpatrick  has  examined  various  specimens  of  copper 
supplied  him  as  wire.  He  has  also  examined  copper  prepared 
for  him  as  pure  by  Messrs  Sutton,  as  well  as  some  which  he 
prepared  himself  electrolytically  from  carefully  purified  copper 
sulphate.  These  last  two  specimens  lead  to  practically  the  same 
value  as  that  obtained  by  Matthiessen  for  the  specific  resistance 
of  copper — viz.,  1767  x  10~9  B.  A.  units  at  18° ;  the  specific  gravity 
of  these  specimens  is  about  8'90.  Two  wires  supplied  to  him 
have,  however,  a  distinctly  lower  resistance :  the  value  for  one 
being  1731  x  10~9,  and  for  the  other  1724  x  10~9;  a  difference  in 
the  one  case  of  2  and  in  the  other  of  2*4  per  cent.  The  specific 
gravity  of  the  first  of  these  wires  is  8'940  and  of  the  other  8'946, 
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Fig.  1. 


CO 


and  Mr  Fitzpatrick  assigns  the  increased  conductivity  to  increased 
density  rather  than  to  greater  purity. 

Matthiessen  gives  his  results  for  the  resistance  of  copper  at  0°. 
The  observations  were,  however,  made  mostly  at  a  temperature 
of  18°  or  20°,  and  reduced  to  0°  by  the  use  of  a  temperature 
coefficient ;  so  that  the  value  at  1 8°  found  from  that  at  0°  by  the 
same  coefficient  will  probably  represent  the  result  of  Matthiessen's 
work  more  accurately  than  the  one  he  gives  himself.  Various 
other  points  of  importance  are  discussed  in  Mr  Fitzpatrick's 
appendix.  He  hopes  to  be  able  to  give  the  results  for  some 
copper  prepared  by  chemical 
means  by  Mr  Skinner  and  him- 
self. He  has  also  made  a  number 
of  measurements  on  silver,  but 
these  are  not  yet  complete. 

Dr  Muirhead  and  the  Secre- 
tary have  both  been  working 
independently  at  the  construction 
and  measurement  of  a  standard 
air  condenser. 

Two  such  condensers  have 
been  made  for  the  Committee 
by  the  Cambridge  Scientific 
Instrument  Company,  on  a  plan 
suggested  by  Dr  Muirhead,  and 

mentioned  in  the  last  Report.  The  capacity  of  each  of  these  is 
about  '02  microfarad.  Some  slight  alterations  are  required  to  one 
of  these,  the  other  is  completely  satisfactory.  Its  capacity  has 
been  repeatedly  found,  and  remains  constant  to  at  least  within 
1  in  2000  which  is  about  the  limit  of  accuracy  attained.  Its 
insulation  resistance  is  good,  the  loss  by  leakage  being  about 
1  in  1000  of  the  total  charge  per  1  minute.  It  has  been  found 
possible  to  compare  readily  with  this  standard  various  mica 
condensers  having  capacities  of  1,  *5,  1,  and  '05  microfarad.  The 
accuracy  of  these  determinations  is  about  1  in  2000.  A  full 
account  of  the  construction  of  the  condensers  and  of  the  method 
of  making  the  various  tests  is  given  in  an  appendix  by  the 
Secretary,  while  Dr  Muirhead  has  contributed  some  notes  on  his 
own  condensers,  and  tests. 

Another  appendix  contains  an  account  of  a  very  careful  and 
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interesting  comparison  between  the  standard  mercury  thermo- 
meters of  the  Association  and  a  platinum  resistance  thermometer 
constructed  by  Mr  E.  H.  Griffiths.  The  resistance  thermometer  was 
graduated  by  means  of  Regnault's  numbers  for  the  vapour  pressure 
of  water  at  various  temperatures  between  0°  and  100°. 

The  curve  of  corrections  obtained  in  this  way  is  exactly  parallel 
to  that  given  by  the  Kew  comparisons;  there  is  throughout  the 
range  a  constant  difference  of  0'02°  between  them.  This  amount 
is  within  the  limits  of  error  on  the  mercury  thermometer. 

The  question  of  the  best  value  to  adopt  for  the  dimensions  of 
a  mercury  column  having  a  resistance  of  1  ohm  has  been  raised  by 
some  members  of  the  Committee  during  the  year.  There  is  no 
doubt  that  the  column  of  106  centimetres  adopted  by  the  Paris 
Conference  in  1884  is  too  short. 

After  a  discussion  of  the  results  of  the  most  recent  observations, 
the  following  resolutions  were  adopted  by  the  Committee : — 

1.  The  Committee  recommend  for  adoption  as  a  standard  of 
resistance   sufficiently   near    to    the   absolute   ohm    for  practical 
purposes  the  resistance  of  a  column   of  mercury  106'3  cm.  in 
length  1  square  mm.  in  section  at  a  temperature  of  0°  C. 

2.  That   for  the   purpose  of  issuing  practical  standards  of 
resistance  the  number  '9866  be  adopted  as  the  ratio  of  the  B.  A. 
unit  to  the  ohm. 

Thus  the  new  unit  may  be  obtained  from  the  B.  A.  unit  by 
increasing  it  in  the  ratio  unity  to  '9866 ;  or,  to  put  it  differently, 
the  specific  resistance  of  mercury,  in  B.  A.  units,  is  taken  as 
'9535  x  10~4,  and  the  length  of  a  column  of  mercury  which  has  a 
resistance  of  1  B.  A.  unit  as  104*87  cm.  The  specific  resistance  of 
mercury  in  ohms  is  '9407  x  10~4,  while  the  ohm  is  T0136  B.  A. 
units. 

In  conclusion,  the  Committee  wish  to  ask  for  reappointrnent, 
to  enable  them  to  continue  the  work  of  constructing  and  issuing 
standard  instruments.  Of  the  grant  of  £50  made  at  Newcastle 
only  £12.  17s.  has  been  drawn.  In  order  to  check  any  further 
change  in  the  values  of  the  B.  A.  units  and  to  render  it  less 
necessary  to  employ  the  original  standards  in  all  the  comparisons 
which  are  made,  it  is  desirable  that  the  Committee  should  possess 
three  or  four  copies  of  the  B.  A.  unit ;  while,  to  enable  comparisons 
to  be  made  between  the  new  air  condensers  and  condensers  of 
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capacity  comparable  with  a  microfarad,  a  resistance  box  going  up 
to  several  hundred  thousand  ohms  is  required. 

The  Committee  are  of  opinion  that  they  should  be  in  a  position 
to  purchase  these  resistances ;  they  therefore  recommend  that  they 
be  reappointed,  with  a  grant  of  £100,  that  Professor  Carey  Foster 
be  the  Chairman  and  Mr  R.  T.  Glazebrook  the  Secretary. 


APPENDIX  I. 

On  the  Values  of  certain  Standard  Resistance  Coils. 
By  R.  T.  GLAZEBROOK,  F.R.S. 

The  B.  A.  unit  Standards. 

The  Standard  B.  A.  units  of  the  Association  have  during  the 
year  been  several  times  compared  together  both  by  the  Secretary 
and  by  Mr  Fitzpatrick.  Table  I.  gives  the  results  of  two  sets  of 
comparisons  made  in  August  1890 — the  differences  between  the 

TABLE  I.     Resistance  of  the  B.A.  Standards,  August  1890. 


Difference  between  each 

Coil 

Tempera- 
ture 

coil  and  Flat  in  bridge- 
wire  divisions 

Difference 
observed  — 

Change  of 
resistance 
per  1°  in 

Observed 

From  chart, 

calculated 

b.w.d. 

Aug.  15,  1890 

1888 

A 

17-2 

27-8 

33-0 

-5-2 

28-6 

B 

17-4 

30-5 

30-5 

o-o 

28-8 

C 

17-6 

22-2 

23-0 

-0-8 

14-2 

D 

17-25 

61-2 

63-5 

-2-3 

61-7 

E 

17-3 

79-2 

79-5 

-    -3 

60-7 

F 

17-3 

3-2 

-   9-5 

12-7 

5.7 

G 

,17-5 

-22-0 

-18-0 

-4-0 

5-5 

H 

17-4 

-17-0 

-15-0 

-2-0 

5-6 

August  19 

A 

18-8 

67-5 

69-5 

-2-0 

28-6 

B 

17-8 

60-6 

62-0 

-1-4 

28'8 

C 

19-2 

31-6 

36'0 

4-4 

14-2 

D 

18-8 

145-7 

15-1 

5-3 

61-7 

E 

19-0 

170-6 

17-3 

2-4 

607 

F 

18-9 

2-9 

-  9-5 

12-4 

57 

G 

19-0 

-21-8 

-18-0 

-3-8 

5-5 

H 

19-0 

-17-7 

-15-0 

-2-7 

5-6 
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various  coils  and  the  platinum  silver  standard  Flat  are  given  in 
the  third  column  in  bridge-wire  divisions.  One  bridge-wire 
division  is  very  nearly  '00005  B.  A.  unit. 

In  the  fourth  column  are  given  the  corresponding  differences 
obtained  from  the  chart  made  in  1888.  In  the  next  column  will 
be  found  the  differences  between  the  observed  values  and  those 
given  by  the  chart,  while  the  sixth  column  gives  the  change  in 
resistance  for  1°  C.  for  the  various  coils.  It  will  be  seen  that  for 
the  first  five  coils  the  differences  between  observation  and  the 
chart  are  such  as  would  be  readily  accounted  for  by  a  small  error 
in  the  temperature,  and  we  may  say  that  there  is  no  evidence  of 
a  change  in  the  resistance  of  these  coils  relative  to  Flat.  This 
conclusion  is  borne  out  by  the  results  of  a  series  of  observations 
made  in  January  and  February  by  Mr  Fitzpatrick.  But  when 
we  come  to  the  three  platinum  silver  standards,  F,  G,  H,  the 
results  are  at  once  seen  to  be  quite  different.  Thus  F  would 
appear  to  have  risen  relatively  to  Flat  by  about  12'5  bridge- 
wire  divisions,  while  G  and  H  have  fallen  by  4  and  2'5  divisions 
respectively. 

Since  these  are  the  most  important  standards,  their  temperature 
coefficients  being  all  very  small,  it  was  necessary  to  examine  their 
history  with  some  care.  A  change  in  F  had  been  noted  in  a 
postscript  to  the  Report  for  1888.  The  general  conclusions  of  that 
Report  were  that  up  to  the  summer  of  1888  there  had  been  no 
change  in  the  value  of  the  coils.  It  was  shown  that  all  the  original 
platinum  silver  coils  examined  then — those  of  Messrs  Elliott> 
H.  A.  Taylor,  and  others,  as  well  as  those  belonging  to  the  Com- 
mittee— had  apparently  fallen  in  value  relatively  to  the  Mean 
B.  A.  unit  by  about  '0007  B.  A.  U.  since  1687,  but  evidence  was 
adduced  to  show  that  the  fall  was  only  apparent,  due  to  an 
error  in  the  temperature  coefficient  used  at  that  date.  A  single 
observation  of  Chrystal  in  1876  pointed  to  the  possibility  of  a 
change  in  F,  but  that  change  was  not  confirmed  by  other  evidence; 
while  so  far  as  the  platinum  silver  coils  were  concerned,  the 
observations  of  Dr  Fleming  in  1881,  and  myself  in  1888,  agreed 
closely. 

Since  1888,  however,  changes  have  shown  themselves. 

These  are  evidenced  by  the  three  following  Tables  II.,  III., 
and  IV.,  which  give  the  differences  Flat— F,  Flat— G  and  Flat— H 
respectively. 
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TABLE  II.     Value  of  Flat—F. 


Date 

Temperature 

Value 

10-0 

10-5 

15-0 
20-0 

!)•:> 

8-5 

May  16,  1888 

14-8 

9-0 

July     2,     „ 

o-o 

3-0 

»       3,      > 

14-8 

3-8 

5?           13,             5 

14-2 

4-2 

„      13,      , 

14-6 

3-3 

„      14,      , 

14-7 

3-3 

„      28,       , 

16-7 

4-2 

Jan.   1890   ... 

10-0 

-4-0 

May      „      ... 

14-4 

-3-5 

Aug.     „      ... 

16-9 

-3-2 

•>•>        » 

16-7 

-3-0 

TABLE  III.     Value  of  Flat—G. 


Date 

Temperature 

Value 

( 

10-0 

17-5 

Chart  1888  \ 

15-0 

18-0 

( 

20-0 

18-5 

July,  1888  ... 

14-6 

16-6 

Jan.  27,  1890 

10-0 

16-9 

»           "**)         >5 

4'5 

16-7 

Feb.     4,     „ 

6-0 

16-6 

May  31,     „ 

14-4 

21-5 

June  10,     „ 

16-0 

21-4 

„     ",     » 

16-0 

22-2 

„     12,     „ 

16-0 

22-2 

55         1",          ,, 

16-0 

22-2 

Aug.    9,     „ 

19-0 

21-8 

»     155     55 

17*0 

22-3 

„     29,     „                 16-5 

22-6 

„     29,     „                 16-5 

22-5 

The  first  three  lines  in  each  table  give  the  differences,  at  the 
temperature  shown,  taken  from  the  chart  drawn  in  1888 ;  the 
remaining  lines  give  the  differences  actually  observed,  with  the 
dates  and  temperatures.  Thus,  taking  the  various  coils,  it  is  clear 
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TABLE  IV.     Value  of  Flat—H. 


Date 

Temperature 

Value 

( 

10-0 

15-5 

Chart  1888   \ 

15-0 

15-5 

\ 

20-0 

15-5 

July,  18S8  ... 

14-6 

14-1 

Jan.  27,  1890 

10-0 

17-6 

„     29, 

4-5 

17-5 

Feb.    4, 

6-0 

16-5 

May  31, 

141 

18-3 

June  10, 

16-0 

18-1 

„      11, 

16-0 

17'7 

,,      12, 

16-0 

16-4 

„      13, 

16-0 

16-8 

Aug.    9, 

19-0 

177 

,,      I5, 

17-4 

17-0 

„     28, 

17'0 

17-8 

,,     29, 

16-4 

18-2 

that  while  up  to  May  1888  the  difference  between  Fiat  and  F 
remained  the  same  as  shown  by  the  chart  and  observations  up 
to  that  date,  a  change  took  place  during  the  low  temperature 
observations  in  July  18cS8,  while  by  the  time  the  coils  were  again 
examined  in  January  1890  a  further  change  had  manifested  itself. 
This  continued  up  to  the  present  date,  so  that  now  at  a  temperature 
of  about  15°  the  coil  F  has  increased  in  resistance  relatively  to 
Flat  by  about  12'7  bridge-wire  divisions.  This,  assuming  the 
whole  change  to  be  in  F,  will  correspond  to  a  rise  of  resistance 
of  '00063  B.  A.  unit,  or  in  other  words  the  temperature  at  which 
the  coil  is  right  has  fallen  by  about  2 '3°.  In  January  1890  the 
coils  were  again  exposed  to  a  low  temperature,  and  it  seems 
probable  that  the  changes  took  place  when  the  coils  were  in  ice. 

From  the  values  in  Table  III.,  which  gives  the  values  of 
Flat — G  we  see  there  is  no  evidence  of  change  till  May  1890. 
The  observations  in  July  1888  and  January  and  February  1890 
are  quite  in  accordance  with  the  chart,  but  in  May  1890  it  is  clear 
that  G  has  fallen  relatively  to  Flat. 

The  value  of  the  difference  at  a  temperature  of  16°  is 
22*1  b.w.d.  as  against  18'1  given  by  the  chart.  Thus  G  has 
fallen  relatively  to  Flat  by  4  b.w.d.,  or  '0002  B.  A.  unit.  This 
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change  was  first  observed  after  the  coils  had  been  exposed  to  a  low 
temperature. 

With  regard  to  H  the  change  first  showed  itself  during  the 
low  temperature  observations  in  January  and  February  1890,  and 
Table  IV.  indicates  that  the  difference  between  Flat  and  H  is 
now  17*5  divisions  as  against  15*5  in  1888,  or  in  other  words,  that 
G  has  fallen  by  '0001  B.  A.  unit.  Also  since  Flat— F  changed  in 
1888,  while  Flat— G  and  Flat— H  did  not,  we  infer  that  the 
change  at  that  date  was  in  F,  not  in  Flat ;  while  since  Flat — H 
changed  in  January  1890  without  a  change  in  Flat — G,  it  appears 
that  the  change  was  in  H,  not  in  Flat ;  and  finally,  from  the 
observations  in  May  1890,  which  show  a  change  in  Flat — G,  but 
never  in  Flat — H  and  Flat — F,  we  infer  a  change  in  G. 

As  to  the  cause  of  these  changes,  we  can  say  but  little.  We 
hope  to  investigate  them  more  completely  by  the  aid  of  the  coils 
lent  by  Mr  H.  A.  Taylor  and  others,  and  referred  to  in  the  1888 
Report ;  but  it  seems  possible  that  they  are  due  to  strains  set  up 
in  the  wire  by  the  great  contractions  and  expansions  produced  by 
cooling  and  heating  in  the  paraffin  in  which  the  coils  are  embedded. 
The  coil  Flat  is  of  a  different  shape  to  the  others  and  little  or  no 
paraffin  has  been  used  in  its  construction.  The  other  coils,  F,  G, 
H,  are  embedded  in  paraffin  in  the  usual  way.  On  cooling  down 
to  0°,  this  shrinks  greatly,  and  it  is  quite  conceivable  that  this 
shrinkage  may  have  strained  the  coils  and  so  caused  the  change. 
We  hope  to  test  this  by  having  coils  made  free  from  paraffin  and 
investigating  with  them  the  effects  of  repeated  heating  and  cooling. 
The  fall  of  H  and  G  would  be  accounted  for  by  a  loss  of  insulation 
causing  a  slight  leak  either  from  the  wire  to  the  case  or  across  the 
surface  of  the  paraffin.  The  insulation  resistance  for  F,  G,  H  was 
therefore  tested  and  found  in  each  case  to  be  several  thousand 
megohms,  while  the  surface  of  the  paraffin  which  had  become 
dirty  with  time  was  scraped,  but  without  producing  any  change 
in  the  resistance.  A  leak,  of  course,  would  not  produce  the  rise 
found  in  F. 

Observations  of  the  coils  at  0°  have  always  been  unsatisfactory 
and  attended  with  considerable  difficulty.  This  is  mainly  due, 
I  believe,  to  the  fact  that  the  temperature  of  the  room  in  which 
the  observations  have  been  made  has  usually  been  above  zero,  and 
that  heat  is  conducted  into  the  coils  by  the  thick  copper  connecting 
rods.  It  would  seem  possible,  however,  that  part  of  the  difficulty 
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(see  Report  of  the  Committee  for  1888,  Table  VII.,  p.  352)  may  have 
been  due  to  real  changes  in  the  resistance  arising  from  strains  set 
up  by  the  cooling. 

THE  LEGAL  OHM  STANDARDS. 

The  results  of  observations  on  the  legal  ohm  standards  of  the 
Association  are  given  in  the  Report  for  1886.  Experiments  made 
on  these  between  July  1884  and  January  1886  showed  that  while 
one  coil,  ^  100,  had  retained  its  value  unchanged,  the  other, 
^  101,  had  varied.  These  observations  have  been  continued, 
and  the  results  are  shown  in  the  following  tables,  which  give  the 
value  of  each  coil  as  found  by  direct  comparison  with  the  standard 
B.  A.  units,  and  its  value  as  given  by  the  chart  in  1886. 


TABLE  V.     Results  f 


or 


100. 


Date 

Standard  used 
in  comparison 

Tem- 
perature 

Value 

Value  on 
Chart 

Difference 

Feb.  1887 

F 

16-3 

1-00009 

1-00008 

•00001 

Nov   1889 

O 

15-8 

•99997 

•99996 

•00001 

^ 

5) 

14-8 

•99971 

•99968 

•00003 

5 

?5 

16-0 

•99998 

1-00000 

•00002 

Dec.  1889 

Flat 

14-4 

•99962 

•99959 

•00003 

5 

i) 

14-8 

•99969 

•99968 

•00001 

•> 

5) 

13-2 

•99925 

•99924 

•00001 

6-2 

•99744 

•99735 

•00009 

— 



5-7 

•99729 

•99720 

•00009 

TABLE  VI.     Results  for         101. 


Date 

Standard  used 
in  comparison 

Tem- 
perature 

Value 
found 

Value  on 
CLart  in 

1885,  1886 

Difference 

Feb.  1887 

F 

16-3 

•99970 

•99930 

•00040 

Nov.  1889 

G 

15-9 

•99955 

•99920 

•00035 

55 

n 

15-1 

•99932 

•99899 

•00033 

16-0 

•99955 

•99922 

•00033 

Dec.  1889 

Flat 

14-4 

•99909 

•99880 

•00029 

)5 

D 

15-0 

•99925 

•99897 

•00028 

)) 

13-3 

•99cS79 

•99850 

•00029 

7-6 

•99725 

•99695 

•00030 



— 

6-5 

•99701 

•99668 

•00033 
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These  tables  show  three  facts  conclusively:  (1)  That  up  to 
December  1889  no  appreciable  change  had  taken  place  in  the 
relative  values  of  ^  100 — the  Legal  Ohm  Standard — and  Flat 
or  G;  (2)  that  between  January  1886  and  February  1887  ^  101, 
which  had  varied  previously,  changed  by  about  '0004  ohm ;  and 
(3)  that  the  greater  part  of  that  change  has  remained  permanent 
up  to  December  1889.  At  present  the  difference  between  ^100 
and  3^  101  is  about  '0004;  in  1886  it  was  about  '0008.  The 
agreement  between  the  observations  in  November  and  December 
1889 — in  one  set  of  which  Flat  was  the  standard  of  comparison, 
while  in  the  other  G  was  used — show  that  the  relative  change  in 
G  and  Flat  took  place  after  this  date. 


APPENDIX  II. 

On  the  Air  Condensers  of  the  British  Association. 
By  R.  T.  GLAZEBROOK  (with  a  Note  by  Dr  A.  MUIRHEAD). 

The  question  of  issuing  certificates  of  capacity  has  from  time 
to  time  been  discussed  by  the  Committee.  The  following  paper 
gives  an  account  of  some  experiments  that  have  been  in  progress 
during  the  past  two  years  with  this  object  in  view. 

In  the  Report  for  1887  the  Committee  express  the  opinion 
that  it  is  desirable  to  proceed  with  the  construction  of  an  air 
condenser.  In  conformity  with  this  opinion  a  meeting  was  held 
in  London,  at  which  Dr  A.  Muirhead  exhibited  an  air  condenser 
consisting  of  a  series  of  concentric  brass  cylinders  insulated  by 
glass  rods,  which  appeared  to  the  Committee  to  possess  great 
merits ;  and  it  was  decided  that  the  Secretary  should  test  this  and 
two  similar  condensers  which  Dr  Muirhead  offered  to  lend,  before 
proceeding  further  with  the  construction  of  condensers  for  the 
Association.  The  tests  were  carried  out  with  satisfactory  results. 

The  capacity  of  each  condenser  was  determined  repeatedly, 
using  the  method  of  a  vibrating  commutator,  due  to  Maxwell, 
already   employed   by   J.   J.    Thomson,   Phil.    Trans.    1883,   and 
Glazebrook,  Phil.  Mag.  August  1884.     The  values  found  were: — 
C,  =  -0030514  microfarad. 
(72=  -0031258 
<73  =  '0033288 
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It  was  found  that  the  capacities  remained  constant  from  day 
to  day,  and  that  the  accuracy  of  a  single  determination  was  about 
1  in  1000,  although  the  capacity  to  be  measured  was  so  small. 

Some  mica  condensers  belonging  to  the  Cavendish  Laboratory 
were  compared  with  these — details  of  the  method  will  be  given , 
shortly — and  it  was  found  that  when  comparing  a  condenser  of 
1  microfarad  with  the  three  air  condensers  combined,  having  thus 
a  capacity  of  '009506  microfarad,  so  that  the  ratio  of  the  two  was 
about  100  to  1,  an  accuracy  of  about  1  in  1000  was  attained. 
It  was  also  shown  that  the  capacity  of  the  mica  condensers  as 
thus  found  differed  by  nearly  2  per  cent,  from  their  values  as 
determined  by  the  rapid  commutator,  thus  proving  that  the 
commutator  method  was  unsuitable  for  a  condenser  showing 
absorption. 

Thus  for  three  mica  condensers  the  following  values  were 
found : — 


With 
commutator 

By  slow  method 
of  comparison 

•9690 
•4934 
•09543 

•9868 
•4994 
•09644 

1 

These  results  make  the  necessity  for  an  air  standard  all  the 
more  apparent.  A  report  on  the  experiments  made  up  to  that 
date  was  laid  before  the  Committee  at  a  meeting  in  London  in 
April  1889.  It  was  then  decided  to  adopt  Dr  Muirhead's  form  of 
condenser,  and  to  have  two  made  on  the  same  pattern  for  the 
Association.  These  have  been  constructed  by  the  Cambridge 
Scientific  Instrument  Company,  following  Dr  Muirhead's  plan,  but 
on  an  enlarged  scale.  Each  has  a  capacity  of  about  '02  microfarad, 
or  about  six  times  that  of  one  of  the  original  condensers. 

Fig.  2  shows  the  arrangement. 

The  condensers  consist  of  twenty-four  concentric  tubes;  the 
outer  tube  is  about  2  feet  9  inches  high  and  6  inches  in  diameter. 
Each  succeeding  tube  diminishes  in  diameter  by  half  an  inch; 
the  tubes  are  about  g^nd  inch  in  thickness,  and  the  air  space 
between  the  inside  of  one  tube  and  the  outside  of  the  next  is 
about  3\nd  inch,  but  it  was  found  impossible  to  get  all  the  tubes 


FOR   ELECTRICAL   MEASUREMENTS 


375 


Fig.  2. 


of  exactly  the  same  thickness,  so  that  in  some  cases  the  distance 
between  the  tubes  is  less  than  the  above.    These  tubes  are  carried 
by  two  conical  brass  castings ;  the  outside  surface  of  each  casting 
forms  a  series  of  twelve  steps, 
over  which  the  successive  tubes 
fit.      Each    tube    is    held    in 
position  by  screws.    The  upper 
cone  is  supported  by  the  out- 
side casing  of  the  condenser, 
and  twelve  of  the  tubes  hang 
vertically  from  it.     The  lower 
cone  is  carried  by  three  ebonite 
pillars, about  3 inches  in  height; 
the  twelve  tubes  which  are  at- 
tached to  it  come  respectively 
between  those  which  are  sus- 
pended from  the  upper  cone. 
Thus   the   insulation  depends 
on  the  ebonite  pillars,  assum- 
ing there  is  no  leakage  across 
the  air  from  the  edges  of  the 
tubes.     There  is  an  opening  in 
the  outer  casing,  closed  by  a 
door,  by  means  of  which  the 
ebonite  can  be   cleaned ;    the 
whole  is  dried  by  placing  in- 
side a  small  vessel  of  sulphuric 
acid.     In    the    centre    of   the 
upper    cone    there    is   a   hole 
through  which   a   rod   passes. 
The  rod  is  connected  with  the 
lower  cone,  and  forms  the  elec- 
trode for  the  insulated  cylinders. 
An  ebonite  plug,  fitting  tightly 
round  the  rod,  can  be  pushed 
down  so  as  to  close  the  hole 
and  prevent  the  ingress  of  dust 
when  the  condensers  are  not  in 
use ;  when  they  are  being  used 
the  plug  is  removed. 
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The  condensers  are  placed  in  the  testing  room  at  the  Cavendish 
Laboratory  and  covered  by  a  wood  and  canvas  case  to  protect  them 
from  dust.  It  is  not  intended  that  they  should  be  movable. 

After  this  description  of  the  condensers  we  will  proceed  to  an 
account  of  the  tests  to  which  they  have  been  subject.  The  first 
test  was  for  leakage. 

One  set  of  cylinders  was  put  to  the  earth  while  the  other  was 
connected  with  a  gold-leaf  electroscope.  An  attempt  was  then 
made  to  charge  them  with  an  electrophorus  or  a  small  electrical 
machine,  but  this  failed  entirely.  The  electricity  either  sparked 
across  at  places  where  the  tubes  were  very  close  together,  or, 
before  the  potential  rose  sufficiently  to  affect  the  electroscope, 
small  fibres  or  dust  particles  which  adhered  to  the  tubes  formed 
leaks  across ;  it  was  clear  that  the  condenser  could  not  be  charged 
to  the  potential  of  the  machine.  Tests  were  then  applied  for 
leakage  when  the  potential  was  lower.  One  set  of  tubes  was 
connected  to  one  pole  of  a  battery — about  thirty-six  storage  cells 
were  generally  employed,  having  an  E.M.F.  of  75  volts — the  other 
set  being  in  connexion  with  an  insulated  key ;  the  second  pole  of 
the  battery  was  connected  through  a  galvanometer  to  the  key 
and  the  condenser  charged.  After  an  interval,  usually  about  five 
minutes,  contact  was  again  made  at  the  key;  the  deflection  of 
the  galvanometer  needle — assuming  the  E.M.F.  of  the  battery  not 
to  have  changed — was  a  measure  of  the  quantity  of  electricity 
which  had  leaked  from  the  condensers  in  the  five  minutes. 

The  amount  of  leakage  was  very  different  in  the  two  con- 
densers and  depended  greatly  on  the  dryness  of  the  air  and 
ebonite  pillars.  Thus  on  March  11,  when  strong  acid  had  been 
enclosed  for  some  time,  for  condenser  I.  the  leak  per  minute 
amounted  to  about  *1  per  cent,  of  the  whole  charge,  while  with 
condenser  II.  it  was  about  ten  times  as  great. 

The  sulphuric  acid  was  removed  during  the  Easter  vacation 
and  replaced  by  calcium  chloride,  and  after  this  the  leak  in  I.  rose 
to  about  1  per  cent,  per  minute  or  ten  times  its  former  value, 
while  that  in  II.  was  from  3  to  4  per  cent,  of  the  charge.  With 
the  calcium  chloride  inside  the  leak  was  never  reduced  to  less 
than  about  '8  per  cent,  per  minute.  In  August,  the  condensers 
having  been  closed  since  June  with  calcium  chloride,  there  was  a 
leak  in  I.  of  about  3  per  cent,  per  minute,  while  in  the  same  time 
II.  lost  about  8  per  cent,  of  its  charge. 


FOR   ELECTRICAL   MEASUREMENTS 


377 


On  August  14,  immediately  after  this  test,  the  calcium  chloride 
was  replaced  by  sulphuric  acid,  and  the  leak  was  quickly  reduced 
to  about  1  per  cent,  per  minute  for  I.  For  II.  no  improvement 
showed  itself  at  once.  The  next  day  the  leak  in  I.  was  about 
•4  per  cent,  per  minute ;  that  in  II.  had  not  been  greatly  reduced. 
On  August  16  the  ebonite  was  therefore  well  cleaned,  and  air  was 
blown  through  the  tubes  of  II.  and  the  whole  closed  for  about  two 
hours ;  the  leak  had  then  fallen  to  about  2  per  cent,  per  minute. 
By  August  18  the  leaks  were  still  more  reduced,  that  in  I. 
being  '2  per  cent,  per  minute,  while  that  in  II.  was  '6  per  cent, 
per  minute. 

By  the  afternoon  of  this  day,  the  upper  parts  of  the  condensers 
having  been  open  to  the  air  of  the  laboratory  for  some  six  hours 
during  other  tests,  the  leaks  had  appreciably  increased,  but  they 
had  fallen  again  the  next  day  when  the  condensers  were  left  closed 
during  the  night. 


Fig.  4. 


Thus,  during  the  observations  in  August,  with  the  exception  of 
those  on  August  14,  the  condenser  I.  was  losing  its  charge  at  the 
rate  of  about  ^th  part  per  minute,  while  the  leakage  in  II. 
was  some  five  or  six  times  as  great,  being  about  y^th  part  of  the 
charge  per  minute. 

As  will  be  seen  later,  several  mica  condensers  were  compared 
with  I.  and  II.;  the  leaks  in  them  were  all  small,  and  did  not 
exceed  more  than  g^h  Per  minute. 

We  come  now  to  the  experiments  for  determining  the  capacities 
of  the  two  condensers.  Of  these,  three  independent  series  were 
made,  viz.  in  December  1889,  May  and  June  1890,  and  August  1890. 
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The  method  already  referred  to  was  used.  Fig.  3  gives  a 
diagram  of  the  method;  in  fig.  4  the  connexions  actually 
employed  are  shown.  With  the  notation  employed,  Phil.  Mag. 
August  1884,  we  have,  if  C  be  the  capacity  of  the  condenser,  n  the 
number  of  times  it  is  charged  per  second, 


a    1- 


d(a-\-c  + 

In  most  of  the  experiments  about  to  be  described,  we  had  the 
following  values  in  legal  ohms  : — 

a  =  10,  d  =     1000, 

6  =  18,  g  =  17,600, 

while    c,  which   was  the   adjustable   arm,  varied  from   6000    to 
15,000. 

With  these  values,  the  only  correction  which  need  be  included 
is  the  last  factor  in  the  denominator,  and  we  may  write 


rfi+.^aL., 


nC-. 


The  resistances  were  taken  from  a  legal  ohm  box  belonging 
to  the  laboratory;  the  various  coils  in  this  box  were  carefully 
compared  with  each  other  by  Mr  Searle,  and  found  to  be 
consistent  with  each  other,  at  any  rate  to  within  1  in  10,000. 
The  coils  were  also  compared  with  the  standards  of  the  Association, 
and  it  was  found  that  at  16°  they  were  greater  than  legal  ohms  in 
the  ratio  of  1  '00 11  to  1.  The  standard  temperature  adopted  in 
the  experiments  was  17°,  and  since  the  coefficient  of  increase  of 
resistance  of  the  box  is  about  *0003  per  1°  C.,  the  resistances 
require  to  be  multiplied  by  1'0014,  to  reduce  them  to  legal  ohms. 
In  some  cases,  in  the  value  of  c,  coils  from  a  B.  A.  unit  box, 
containing  coils  of  ten,  twenty,  thirty,  and  forty  thousand,  B.  A. 
units  were  employed. 

The  values  found  for  these  coils  by  myself  in  terms  of  the  legal 
ohm  box  showed  that  they  were  very  consistent  with  each  other, 
and  that  the  nominal  10,000  B.  A.  unit  was  equal  to  9880  legal 
ohms  as  measured  by  the  legal  ohm  box. 
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In  the  comparisons  of  two  condensers  certain  coils  from  a 
megohm  box  were  used ;  the  value  of  each  of  these  was  also 
determined.  They  were  as  follows : — 

1  ...         98,731         Legal  ohms  of  standard  box. 

2  ...         98,625 

3  ...         98,698 

4  ...         98,735 
9         ...         98,725 

10  98,776 

In  the  experiments  on  Dr  Muirhead's  condensers,  the  vibrat- 
ing commutator  described  in  Professor  Thomson's  paper,  Phil. 
Trans.  1883,  or  in  my  paper,  Phil.  Mag.  1884,  was  used,  with 
complete  success.  In  the  experiments  about  to  be  described,  this 

Fig.  5. 


was  replaced  by  a  rotating  commutator  which  had  been  fitted  up 
by  Professor  Thomson  and  Mr  Searle  for  their  experiments  on 
the  value  of  " v"  and  which  possesses  certain  advantages  over 
the  other  form.  Dr  Muirhead  and  Dr  Fleming  have  also  used 
a  somewhat  similar  arrangement  of  apparatus.  Fig.  5  shows  the 
arrangement.  The  split  ring  commutator  is  carried  on  the  axle 
HK,  which  is  driven  by  a  water  motor.  Two  wire  springs,  Q,  R, 
are  in  contact  with  the  two  halves  of  the  commutator  respectively, 
and  as  it  rotates,  the  brush  P,  made  of  very  fine  brass  wire,  is 
brought  into  communication  alternately  with  Q  and  R.  The  disc 
LM  was  of  iron,  and  its  mass  helped  to  steady  the  motion.  On 
one  face  of  the  disc  a  series  of  circles  were  drawn  forming  a 
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number  of  annuli.  The  successive  annuli  were  divided  each  into 
a  different  number  of  divisions  by  radial  marks.  Thus  in  the 
innermost  annulus  there  were  four,  on  the  next  five,  and  so  on. 
The  disc  as  it  rotated  was  watched  in  the  usual  stroboscopic 
manner  through  two  slits  on  two  pieces  of  thin  metal  carried 
by  the  prongs  of  a  tuning-fork,  which  made  about  64  vibrations 
per  second. 

When  the  frequencies  of  the  disc  and  of  the  fork  were  in 
certain  simple  ratios  to  each  other,  the  corresponding  pattern  on 
the  disc  was  seen  in  a  steady  position.  The  driving  pulley  of  the 
motor  carried  a  second  band,  which  passed  over  an  idle  pulley 
near  the  observer  at  the  tuning-fork,  and  the  speed  of  the  motor, 
and  hence  of  the  disc,  was  adjusted  partly  by  varying  the  flow  of 
water,  partly  by  friction  on  this  band,  until  the  desired  pattern 
was  seen  in  the  steady  position.  •  This  position  was  easily  main- 
tained by  varying  the  friction  on  the  string.  The  tuning-fork 
drove  a  second  fork  an  octave  above  itself  in  frequency.  This  fork 
was  mounted  near  the  standard  fork  of  the  laboratory,  and  the 
beats  between  the  two  were  counted.  The  frequency  of  the 
standard  fork  was  determined  by  Professor  Thomson  and  Mr  Searle 
for  their  experiments  on  "  v,"  recently  communicated  to  the  Royal 
Society.  They  found  that  it  had  changed  slightly  since  it  was 
determined  by  Lord  Rayleigh,  and  give  as  the  result  of  their 
experiments 

Frequency  at  temperature  t°  =  128-105  (1  -  (t  -  16)  -00011}. 

The  driven  fork  was  always  adjusted  to  a  slightly  lower  frequency 
than  that  of  the  standard,  so  that  there  were  about  20  beats  to 
the  minute  between  the  two.  During  each  series  of  observations 
the  beats  were  repeatedly  counted,  but  they  rarely  varied  during 
the  series  sufficiently  to  affect  the  result.  The  commutator  was 
designed  and  partly  constructed  by  Mr  Searle,  who  observed  at 
the  tuning-fork  throughout.  A  little  attention  was  required  to 
secure  good  contact  between  the  springs  Q,  R  and  the  rotating 
parts,  and  also  to  adjust  the  brush  P,  but  with  moderate  care  in 
the  adjustments  the  apparatus  worked  perfectly. 

The  galvanometer  was  one  constructed  in  the  laboratory;  it 
had  a  resistance  of  I7,f>00  ohms,  with  a  long  silk  fibre  suspension 
— a  quartz  fibre  would  have  been  an  improvement. 

Its  sensitiveness  was  such  that  1  scale  division  corresponded 
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to  '83  x  10~10  c.G.s.  units  of  current ;  the  time  of  swing  was 
7 '2  seconds,  so  that  the  sudden  discharge  through  the  galvano- 
meter of  10~10  C.G.S.  units  of  electricity  produced  a  throw  of 
1  division ;  or,  in  other  words,  the  quantity  which,  when  dis- 
charged suddenly  through,  gave  a  throw  of  7  divisions  was 
7  x  10~10.  This  was  determined  by  discharging  through  the 
galvanometer  a  condenser  of  capacity  '1  microfarad ;  when  charged 
to  1  volt,  the  throw  observed  was  100  divisions,  while  the  steady 
current  due  to  an  E.M.F.  of  '001  volt  produced  a  deflection  of 
72  divisions. 

The  observations  were  made  by  varying  c.  There  was  a 
commutator  in  the  battery  circuit.  In  each  position  of  this 
commutator  two  values  of  c  were  taken  and  the  corresponding 
resting  points  of  the  spot  on  the  scale  observed.  From  these  the 
value  of  c;  which  corresponded  to  the  zero  position  of  the  spot,  was 
obtained  by  interpolation. 

These  observations  were  made  twice  for  each  position  of  the 
commutator  and  the  mean  taken. 

We  will  give  one  series  as  an  example : — 

August  27,  1890. — Temperature  of  standard  fork,  18 '8°. 


Beats 


20  in  65-4  seconds. 


Condenser  No.  I. 
Frequency,  80  approximately. 


Position  of 
Commutator 

Zero 
Reading 

Resistance 

Resting 
Point 

J5890 

47 

/ 

48 

J5880 

51 

\ 

48 

J5880 
{5890 

46 
49 

JO 

)5890 

48 

r 

/5880 

51 

^5880 

46 

\                   ^y 

(5890 

50 

1 

Temperature  of  coils,  17 '5°. 
Beats,  20  in  64-8  sees,  at  19'3°. 

It  will  be  seen  that  between  the  third  and  fourth  series  the 
galvanometer  zero  has  shifted  slightly. 
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From  these  we  get  as  the  four  values  of  c  the  following : — 

5887-5 
5886-6 
5888-3 
5887-5 

Mean,  5887*5  at  17'5° 
Correction  to  17°,  -9 

Value  of  c  =  5888*4  at  17°, 

while  the  beats  are  20  in  65  seconds  at  19°,  or  '307  per  1  second; 
at  19°  the  frequency  of  the  standard  is  128'066  ;  thus  the  frequency 
of  the  driven  fork  is  128'066 -'307,  i.e.,  127*759.  Thus  for  the 
driving  fork  we  have  the  octave  below  this,  or  63'879,  while  the 
frequency  of  the  commutator  is  5/4  of  this. 

Hence  in  this  series : — 

n  =  79-849,         c  =  5888'4. 

The  accuracy  attained  in  this  series  is  a  fair  specimen  of  the 
whole.  With  these  explanations  we  proceed  to  give  the  results 
in  tabular  form,  showing  the  date,  the  values  of  n  and  c,  and  the 
resulting  value  of  G.  The  wire  by  which  the  condenser  was 
connected  to  the  commutator,  together  with  the  commutator  itself, 
had  a  certain  capacity  which  was  determined  in  the  same  way, 
merely  disconnecting  the  wire  from  the  condenser.  In  the 
observations  in  December  and  June  we  found : — 

a  =10,     d  =  98,730,     c  =  28,460,     7*  =  63'9, 

whence  the  capacity  of  the  wires  is  '0000625  microfarad,  while  in 
August,  after  the  apparatus  had  been  set  up  afresh  in  a  different 
position  with  new  connecting  wires,  the  value  of  c  was  22,200  and 
the  capacity  '0000799  microfarad;  for  the  wires  the  values  of  c 
could  be  determined  to  about  1  per  cent. 

In  the  table  the  value  of  G  has  been  corrected  for  the  capacity 
of  the  wires. 

Taking  the  air  condensers  first,  the  tables  show  that,  at  any 
rate  for  frequencies  between  32  and  80  per  second,  the  time  of 
charging  has  no  effect  on  the  capacity,  while  the  individual 
observations  in  each  series  are  within  1  in  2000  of  each  other. 

For  condenser  I.  the  results  at  frequency  64  are  in  all  the  series 
the  least,  but  this  is  not  the  case  with  condenser  II. 

The  capacity  of  condenser  I.  shows  no  change  between 
December  1889  and  June  1890.  The  observations  in  August 
1890  are  all  rather  greater  than  those  in  the  earlier  series,  but 
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the  increase,  about  1  in  2000,  is  almost  within  the  error  of  the 
experiments.  With  regard  to  condenser  II.  there  is  an  indication 
of  a  rise  in  its  capacity  all  through.  It  will  be  remembered  that 
we  have  already  shown  that  the  insulation  resistance  of  II.  is 
considerably  less  than  that  of  I.,  but  it  is  easy  to  see  that  this 
leak  was  not  sufficient  to  account  for  the  change,  for  if  R  be  the 
resistance  of  the  leak  then  our  approximate  formula  becomes 


1       a 

^  =  —j ,  instead  of 


TABLE  I.     Condenser  I. 


cd 


Date 

Value  of 
c 

Value  of 
11 

C,  in 
microfarads 

Mean  of 
Series 

Dec.  31,  1889...  j 

14762-5 
7372-3 
5894-3 

31-95 
63-90 
79-875 

•021025) 
•021016V 
•021019J 

•021020 

May  20,  1890..  .j 

14772-9 
7376-5 
5896-4 

31-93 

63-86 
79-825 

•021023) 
•021017V 
•021025) 

•021022 

June  16,  1890...          7375-0 

63-86 

•021022 

•021022 

Aug.  27,  1890... 

14745-9 
7364-8 

5888-4 

31-939 
63-879 

79-849 

•021038) 
•0210271 
•021030) 

•021032 

Mean  of  the  whole,  '021024  microfarad. 


TABLE  II.     Condenser  II. 


DatP                    Value  of 

Value  of 

C,  in            Mean  of 

-L/cli/G 

c 

n 

microfarads 

Series 

13957-4 

31-95 

•022238) 

Dec.  31,  1889..  J 

6963-6 

63-90 

•022249V 

•022237 

1 

5575-1 

79-875 

•022225) 

{' 

13945-3 

31-93 

•022271, 

6957-4 

63-86 

•022283V 

•022273 

. 

5568-2 

79-82.-) 

•022266) 

June  16,  1890... 

6953-4 

63-86 

•022296 

•022296 

( 

13774-6 

31-939 

•022523) 

Aug.  27,  1890...  j 

6878-6 

63-879 

•022515V 

•022519 

( 

5500-4 

79-849 

•022518) 

Aug.  28,  1890... 

6878-6 

63-881 

•022515 

•022515 
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TABLE  III.     Giving  the  Capacity  of  two  Mica  Condensers 
for  various  Frequencies  of  Charge. 


Frequency 

June  12 

June  14 

June  1<> 

Mean 

CONDENSER  A 

21 
32 

64 

80 

•04885 
•04883 
•04868 

•04886 
•04884 
•04868 
•04859 

•04886 
•04884 
•04864      -04867 
•04859 

CONDENSER  B 

21 
32 
64 

— 

•09642 
•09642 
•09634 

•09642 

•09642 
•09642 
•09638 

Now,  the  current  through  the  condenser  when  leaking  most 
was  about  '0002  EC,  where  E  is  the  E.M.F.  to  which  it  is  charged 
and  C  the  capacity  of  the  condenser. 

Thus  the  resistance  of  the  leak  is  — ri)  or  '25  x  1021 

'UUOJ  x  C/ 

c.G.S.  units,  since  the  value  of  C  is  "02  x  10~15.  This  resistance  is 
250,000  megohms. 

Hence  the  correction  to  the  capacity  =  1/nR  =  '0002  x  C/n,  and 
this  is  far  too  small  to  affect  the  result. 

There  is  no  doubt,  then,  that  the  capacity  of  II.  altered  during 
the  experiments  by  about  1  per  cent.,  and  it  will  be  necessary  to 
take  it  to  pieces  and  set  it  up  again. 

It  will  be  remembered  that  in  the  early  part  of  August  the 
leak  in  II.  was  very  great,  and  it  seems  probable  that  the  steps 
taken  to  discover  the  cause  of  the  leak  have  produced  a  change  in 
capacity.  The  experiments  on  II.,  then,  serve  merely  to  show 
that  the  capacity  can  be  found  by  the  rotating  commutator  method 
to  a  high  degree  of  accuracy,  while  those  on  I.  prove  that  an  air 
condenser,  of  *02  microfarad  capacity,  has  been  constructed  which 
has  retained  its  capacity  unaltered  for  the  eight  months  between 
January  1890  and  August  1890. 

The  values  of  c  are  given  in  terms  of  the  coils  of  the  legal  ohm 
box  at  17°.  Hence  the  capacity  found  needs  to  be  divided  by 
T0014  to  reduce  it  to  legal  microfarads,  and  it  then  becomes 
•020995. 
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Moreover,  since  1  legal  ohm  =  1-01124  B.A.U.,  and  1  B.A.U. 
=  '9866  x  10°  cm.  per  sec.,  we  have 

1  legal  ohm  =  '9977  x  109  cm.  per  sec. 

And  the  absolute  electro-magnetic  measure  of  the  capacity  of  the 

condenser  I.  is 

•021043  x  10-15  sec.2  cm.-1. 

The  effect  of  the  leak  in  condenser  II.  was  still  further 
investigated  on  August  28.  The  plates  of  II.  were  connected  by 
a  resistance  of  30  megohms.  Hence  the  correction  to  0,  which  is 

-  -  ,  becomes  -  "000520  x  10~15,  when  n  =  64. 
nil 

The  value  of  C  found  with  the  leak  in  was  '023013  x  10~15. 

Hence  making  the  correction  C=  '02249  microfarad,  which  is 
sufficiently  close  to  the  value  found  without  the  artificial  leak. 

Table  III.  shows  that  with  mica  condensers  not  very  much 
greater  in  separate  capacity  than  the  air  condensers  a  change  in 
the  frequency  of  the  charge  from  21  to  80  produces  an  appreciable 
change  in  the  capacity.  This,  of  course,  is  in  consequence  of  the 
absorption.  With  large  condensers,  as  we  have  already  seen,  the 
effect  is  more  marked. 

It  remains,  then,  to  give  an  account  of  the  experiments  under- 
taken for  the  purpose  of  comparing  mica  or  paraffin  condensers  as 
ordinarily  used  with  the  air  condensers,  and  of  investigating  some 
of  the  effects  of  absorption. 

The  two  well-known  methods  of  De  Sauty  and  Sir  William 
Thomson  have  both  been  employed. 

The  arrangements  are  shown  in  figs.  6  and  7. 

The  first  of  these  is  not  really  suitable  for  use  in  cases  in 
which  there  is  absorption,  though,  with  care,  a  fairly  accurate 
measure  of  the  instantaneous  capacity  can  be  found.  The  re- 
sistances Rlt  R2  can  always  be  arranged  so  that  the  effect  of  the 
charge  rushing  into  the  air  condenser  shows  itself  as  a  sharp  kick 
of  the  spot  of  light — to  the  left,  say — followed  by  a  slower 
deflection  in  the  other  direction,  due  to  the  absorption  charge 
soaking  into  the  mica  or  paraffin.  The  resistance  for  which  this 
sharp  kick  practically  disappears  is  fairly  definite,  and  from  it  the 
instantaneous  capacity  can  be  found,  while  an  observation  of  the 
resulting  kick  due  to  the  absorption  enables  us  to  calculate  the 
increase  of  capacity  which  arises  from  that  cause.  This  can  be 
B  A.  25 
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done  in  various  ways.     The  simplest,  perhaps,  is  to  disconnect  the 
condensers  from  the  circuit,  and,  replacing  the  mica  condenser 

Fig.  6. 


by  a  variable  condenser  of  small  capacity,  observe  the  kick  this 
produces  in  the  galvanometer  when  charged  with  the  same  battery. 
From  this  the  capacity  to  which  the  absorption  is  equivalent  can 
be  approximately  calculated. 

Fig.  7. 


Thus  a  condenser  of  about  *1  microfarad  was  compared  with 
Dr  Muirhead's  three  condensers  combined.  Taking  02,  jR2  to  refer 
to  the  air  condenser,  we  had 

02  =  -009506,         Rz  =  898650  ohms ; 
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and  with  ^  =  89300  there  was  a  slight  tremor  to  the  left  and 
a  movement  of  three  divisions  to  the  right.  On  changing  R^  by 
100  ohms  the  change  in  the  motion  of  the  spot  was  marked. 

This  gives  for  the  instantaneous  capacity  .Ci  =  '09550 ;  the  value 
found  by  the  commutator  at  frequency  64  was  '09543  microfarad. 

To  evaluate  the  five  divisions  the  air  condenser  was  dis- 
connected and  the  mica  condenser  replaced  by  one  of  capacity 
•001  microfarad ;  the  kick  observed  was  4'8  divisions,  while  with 
•002  microfarad  it  was  9  divisions.  Thus  a  kick  of  5  divisions 
corresponds  to  about  '0011  microfarad  capacity.  Hence  the 
capacity  of  the  mica  condenser,  including  the  full  effect  of 
absorption,  is  '0966  microfarad. 

The  second  method,  about  to  be  described,  in  which  the 
absorption  effect  is  included,  gave  "0965  microfarad. 

Let  us  now  consider  the  second  method.  The  current  from  a 
battery  flows  through  B^B^  (fig.  7),  a  large  resistance  of  amount 
Rl  +  R.2.  One  plate  of  each  condenser  is  in  contact  with  Bl  and 
Bz  respectively;  let  Vlt  V2  be  the  potentials  at  these  points.  The 
other  plates  Al}  Az  are  insulated  and  connected  together  and  to 
the  galvanometer  G',  the  other  pole  of  the  galvanometer  can  be 
connected  to  P  through  the  insulated  key  Klf  The  galvanometer 
can  be  replaced  by  an  electrometer.  Let  R^  be  the  resistance 
PBl ;  jR.j  the  resistance  PBZ.  Suppose  the  point  P  be  put  to 
earth,  the  rest  of  the  circuit  being  insulated ;  then  if  Clt  C2  be  the 
capacities,  it  is  easy  to  see  that  there  will  be  no  current  through 
the  galvanometer  on  making  the  key  Klt  if  ClRl  =  C2R.2. 

Now,  in  the  case  of  a  mica  or  paraffin  condenser  the  capacity 
is  a  function  of  the  immediate  past  history  of  the  condenser,  and 
different  values  will  be  found  for  the  resistances  Rl}  R2,  according 
to  the  time  the  charging  has  lasted.  Dr  Muirhead,  however, 
who  uses  the  method  largely,  has  shown  how  to  obtain  the 
instantaneous  capacity  from  the  observations.  His  method  is 
described  in  the  following  extract  from  a  letter  to  myself*.  In 
the  method  as  described  one  pole  of  the  battery  is  to  earth  instead 
of  the  point  P  of  fig.  7. 

Dr  Muirhead  writes:    "I  have  '05   microfarad  nearly  in  air 

condensers,  and  a  series  of  mica  condensers   of  -1,  '2,   '3,  '331 

(original  1/3),  and  '498  (original  '5)  mf.  capacity,  all  enclosed  in 

a  double  air-tight  box,  to  keep  the  temperature  as  uniform  as 

*  See  also  Electrician,  September  5,  1890. 

25—2 
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possible.  The  capacity  of  these  standards  is  determined  periodi- 
cally by  both  the  tuning-fork  method  (using  a  revolving 
commutator  instead  of  the  tuning-fork)  and  by  the  ballistic 
galvanometer  method.  One  can  make  comparisons  of  these 
condensers  among  themselves,  and  with  other  condensers  by  the 
method  I  adopt,  to  an  accuracy  of  4  in  10,000.  The  temperature 
coefficient  of  shellacked  mica  condensers  is  about  '018  per  degree 
Centigrade,  and  of  paraffined  mica  '034  per  cent. 
"  Let  Sl  be  the  capacity  of  the  air  condensers  ; 

„    $2          „         „         „          condenser  to  be  compared  with 

air  condensers. 


"  After  making  battery  contact,  supposing  the  charging  of  the 
condensers  to  be  instantaneous  and  the  absorption  nil,  then  we 
have 


where  v  is  the  potential  of  the  junction  of  the  two  condensers. 
Should  there  be  any  delay  in  obtaining  the  balance,  the  position 
of  v  on  the  slides  will  vary  —  say  to  vl  ;  then  the  charges  on  the  two 
condensers  will  be 

and     V 


respectively,  where  cr  is  the  apparent  increase  of  capacity  of  $2 
due  to  absorption  or  soaking  in  of  charge.  On  disconnecting  the 
armature  of  S2  from  the  slides  and  putting  it  to  earth,  the  potential 
falls  from  V  to  0,  and  immediately  afterwards  the  potential  of  the 
junction  of  the  two  condensers  becomes,  say,  vz,  so  that 
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Hence 
or 

Vi  -  V.2 


Fand  vl  are  known,  and  v2  is  indicated  at  once  on  an  electrometer ; 
or  when  a  galvanometer  is  used  it  can  be  measured  quickly . thus : 
— As  soon  as  vl  has  been  observed,  break  the  galvanometer  contact 
and  move  the  index  of  the  slides  down  to  0 ;  then  directly  after 
bringing  the  armature  of  $2  from  the  full  potential  of  the  slides 
to  zero,  close  the  galvanometer  circuit  and  observe  the  throw,  a, 
which  is  a  measure  of  v.2,  the  potential  of  the  junction  of  the  two 
condensers." 

In  my  own  experiments,  which  were  made  after  consultation 
with  Dr  Muirhead,  I  adopted  a  method  practically  the  same  as 
his ;  but  before  describing  it,  it  will  be  better  to  consider  rather 
more  the  effects  of  absorption.  Let  us  suppose,  at  first,  that 
the  leakage  from  either  condenser  is  inappreciable.  If  there  be 
no  absorption,  each  condenser  is  charged  to  its  full  potential 
practically  instantaneously;  and  it  does  not  matter  when  or  in 
what  order  the  keys,  Kl}  K^,  are  put  down,  the  position  of  P  on 
the  slide  is  not  affected. 

Suppose  now  that  Cl  shows  absorption,  the  capacity  increases 
with  the  time  of  charging.  We  can  get  the  instantaneous 
capacity  by  depressing,  first,  the  key  K^  and  then  K2,  but  in  this 
case  we  are  troubled  with  the  effect  of  the  slow  after-charging  as 
in  the  other  method.  Still  the  resistance,  for  which  the  kick  due 
to  the  initial  charging  is  zero,  is,  with  the  condensers  I  employed, 
fairly  marked,  and  a  value  for  the  instantaneous  capacity  can  be 
thus  fairly  accurately  obtained. 

If,  now,  K2  be  made  for  1  second  and  then  Kl  depressed, 
a  different  position  will  be  found  for  P.  With  this  interval 
of  charge  the  apparent  capacity  differs  appreciably  from  its 
instantaneous  value,  and  the  after-effects  of  the  absorption  can 
still  be  observed.  The  same  is  true  for  intervals  of  2,  3,  or 
4  seconds — the  value  obtained  for  the  capacity  increases,  and  the 
after-effect  is  still  noticeable  ;  but  with  the  condensers  and  battery 
I  used,  if  the  time  of  charging  was  prolonged  to  5  seconds,  the 
after-effect  was  inappreciable,  and  the  position  of  P  on  the  slide, 
and  hence  the  apparent  value  of  the  capacity,  was  hardly  affected 
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by  further  increasing  the  time  of  charge.  In  the  experiments  on 
a  cable  recorded  in  Dr  Muirhead's  paper  already  referred  to,  the 
absorption  effects  continue  much  longer.  In  the  observations 
recorded  below,  then,  unless  the  contrary  is  stated,  the  key  K% 
was  held  down  for  5  seconds,  and  then,  K^  being  depressed,  the 
position  of  P  determined,  for  which  the  galvanometer  remained 
unaffected.  The  value  of  the  capacity  deduced  then  is  the  full 
capacity  for  the  potential  to  which  the  condenser  is  charged. 
It  is  of  course  possible,  though  further  experiments  would  be 
wanted  to  prove  it,  that  the  full  effect  of  absorption  is  not  merely 
to  increase  by  a  definite  amount,  independent  of  the  potential, 
the  apparent  instantaneous  capacity,  but  that  the  increase  may 
depend  on  the  potential  to  which  in  each  case  the  condenser  is 
being  charged.  It  will  of  course  depend  on  the  purposes  for 
which  the  condenser  is  to  be  used  whether  the  instantaneous 
capacity  or  the  full  capacity  is  required,  and  it  probably  will  be 
best,  when  issuing  certificates,  to  state  both  the  instantaneous 
capacity  and  the  maximum  increase  due  to  absorption — mentioning 
at  the  same  time  the  difference  of  potential  used  in  the  experiments 
for  determining  this  correction,  and  also  the  time  of  charging  in 
which  this  maximum  increase  is  practically  attained. 

The  method  I  employed  in  determining  the  correction  due  to 
absorption  was  the  following: — Suppose  the  plates,  Alt  A2)  to  be 
at  potential  zero  and  uncharged.  Make  the  battery  key,  K2)  and 
after  keeping  it  made  for  some  little  time  break  it  again.  If 
there  be  no  absorption,  Al  and  A2  will  still  be  at  zero  potential 
and  uncharged;  but  let  there  be  absorption  in  one  of  the  two,  Alf 
and  let  Sl  be  the  positive  pole  of  the  battery,  then,  while  the 
battery  is  on,  negative  electricity  is  being  absorbed  by  the 
dielectric  near  A-i,  and  positive  electricity  is  left  free  over  the 
plates,  Alt  Az,  and  the  wires  connecting  them.  When  the  battery 
is  broken  the  negative  electricity  begins  to  soak  out,  but  the  pro- 
cess takes  time.  Hence,  if  immediately  on  breaking  the  battery 
key,  KZ,  the  galvanometer  key,  Klt  is  made  for  an  instant,  there 
is  a  throw  of  the  galvanometer  needle  indicating  the  passage  to  the 
earth  of  the  positive  electricity  set  free  by  the  absorption.  If,  after  a 
time,  the  galvanometer  key  be  again  depressed,  there  is  an  equal 
throw  in  the  opposite  direction,  caused  by  the  passage  of  the 
negative  electricity  which  has  again  soaked  out  of  the  condenser. 
The  required  correction  is  obtained  from  either  of  these  throws. 
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For,  let  i  be  the  current  between  B^  and  B%\  let  Ci  be  the 
instantaneous  capacity  of  the  one  condenser  and  (72  of  the  other  ; 
and  let  Q  be  the  quantity  of  electricity  absorbed.  Then  the 
quantity  of  negative  electricity  on  the  plate,  Alt  is  C-^R^  +  Q,  and 
the  quantity  of  positive  electricity  on  the  plate,  A2,  is  C2R2i}  if  we 
assume  the  potential  of  these  plates  to  be  still  zero. 

Therefore,  C.R.i  +  Q  =  CAi; 


Then,  neglecting  the  battery  resistance,  if  E  be  the  E.M.F.  of  the 
battery, 

E 


Now,  we  have  seen  that  with  the  galvanometer  as  I  used  it, 
if  7  is  the  throw  produced  by  the  passage  of  a  quantity  Q,  then 
Q  =  7  x  10-10. 

The  battery  consisted  of  36  small  storage  cells,  which,  when 
fully  charged,  had  an  E.M.F.  of  about  75  volts,  so  that 

#=75xl08. 
Also,  02=  '021  microfarad 

=  21  x  10~18. 
Hence,  with  these  numbers, 


C2'   R,     1575V        R 
or,  writing  it  as  a  correction  to  Clt 


Examples  of  the  method  of  applying  this  correction  will  be 
given  shortly. 

It  will  be  noticed  that  a  leak  in  one  of  the  condensers  may  be 
corrected  for  in  the  same  way.  For,  suppose  the  mica  condenser 
to  leak,  then  a  quantity  Q'  of  positive  electricity  passes  through 
to  the  plate,  Alt  while  the  battery  current  is  on,  and  the  condition 
that  the  galvanometer  should  not  be  deflected  is 

C2R2i-C1Rli  =  Q', 
the  same  equation  as  previously. 
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There  will,  however,  be  this  difference :  on  depressing  the  key, 
K,  after  breaking  the  battery  circuit,  a  positive  charge  will  in 
both  cases  pass  from  A  to  B  through  the  galvanometer;  if  this 
charge  be  due  to  absorption,  there  will,  when  the  key  is  again 
depressed  after  an  interval,  be  a  current  through  the  galvanometer 
in  the  opposite  direction ;  while  if  the  first  charge  be  due  entirely 
to  a  leak,  there  will  be  no  effect  when  the  key  is  the  second  time 
depressed.  In  practice,  the  leak  and  the  absorption  may  exist 
together  either  in  the  same  or  different  condensers.  In  the  second 
case  the  leak  will  tend  to  produce  opposite  effects  to  those  caused 
by  the  absorption ;  the  quantity  Q',  however,  increases  nearly  in 
the  ratio  of  the  time  of  charging,  while  Q  increases  for  the  first  few 
seconds,  but  soon  reaches  a  maximum  and  then  remains  constant. 

These  considerations  are  illustrated  by  some  experiments  in 
which  the  condensers  I.  and  II.  were  compared  with  various  mica 
condensers.  The  battery  key  was  in  each  case  made  for  30  seconds  ; 
it  was  then  broken,  and  the  galvanometer  key  was  made  for  an 
instant.  The  resulting  throw  was  the  sum  of  those  due  to  (1)  the 
leak  in  the  mica  condenser,  (7),  say;  (2)  the  absorption  in  that 
condenser,  (a),  say ;  and  (3)  the  leak  in  the  air  condenser,  which 
produces  an  effect  in  the  opposite  direction,  —  7*,  say. 

After  about  30  seconds  more  the  key  was  again  depressed  ;  the 
resulting  throw  is  due  to  the  absorbed  electricity  which  has  again 
leaked  out,  and  will  give  us  —  oc. 

The  following  table  gives  the  results ;  each  observation  entered 
is  the  mean  of  three  or  four. 


Condenser 
compared  with 
Standard 

— 

I. 

II. 

•05 

X  +  a-X1 

2'3 

-7-3 

—  a 

-3 

-2-6 

•1 

X  +  a-X1 

2-2 

-9 

—  a 

-3 

-3 

•1 

X  +  a-X1 

2-2 

-7 

—  a 

-2-2 

-3-5 

•5 

X  +  a-X1 

3-3 

-4 

—  a 

-3-3 

-2-5 

•1 

X  +  a-X1 

4 

-3-2 

—  a 

-5 

-5-7 

FOR    ELECTRICAL    MEASUREMENTS 


393 


If  we  take  the  comparisons  with  condenser  I.  first,  it  appears 
that  throughout  X  — X1  is  small.  For  the  "05  and  '1  microfarad  it 
may  be  about  —  '5  division,  while  a  is  about  3  divisions ;  for  the 
•5  microfarad,  a  is  rather  larger,  being  about  3'3,  and  X  — X1  is 
zero,  while  for  the  1  microfarad  a  the  absorption  effect  is  distinctly 
larger,  being  5  divisions,  and  X— X1  is  about  —1.  All  this  is, 
of  course,  quite  consistent  with  the  fact  that  condenser  I.  and 
the  mica  condensers  insulate  well  while  there  is  absorption  by 
the  mica. 

When,  however,  we  come  to  the  condenser  II.  the  results  are 
quite  different.  While  the  absorption  effects  are  comparable,  as 
of  course  they  ought  to  be,  with  those  obtained  in  the  comparison 
with  I.,  the  leakage  effects  are  very  large. 

The  values  of  X  —  X1  in  order  are  as  follows  :  —  9,  —  12,  —  10'5, 
—  6*5,  —8.  Now,  we  know  that  the  mica  condenser  shows  very 
little  leak  effect ;  the  above  leaks  are  therefore  almost  entirely 
in  the  air  condenser  II.  If  we  suppose  the  total  leak  to  be 
proportional  to  the  time,  then  for  the  5  second  charges  used  in 
the  experiments  the  corresponding  values  of  7  in  the  corrections 
to  be  introduced  for  leakage  will  be  one-sixth  of  the  above,  and 
thus  we  get  the  following  results : — 


Con- 
densers 

Value  of 

7 

Correction  for  the  ! 
Leak  to  Capacity 
in  Microfarads 

Con- 
densers 

Value  of 
7 

Correction  for  the 
Leak  to  Capacity 
in  Microfarads 

•05              1-5 

•00007 

•5 

1 

•0003 

,         ,       -2 

•00016                   1-5 

1 

•0007 

It  is  clear  that  the  corrections  are  in  all  cases  small,  being  not 
much  over  1  in  1000,  but  they  serve  to  illustrate  the  method. 
The  above  corrections  are  only  those  for  the  leak ;  the  correction 
for  absorption  could  be  found  in  the  same  way. 

With  a  view  to  testing  the  method  in  a  case  in  which  a  leak 
only  existed  without  absorption,  a  number  of  comparisons  of  I. 
and  II.  were  made. 

In  these  experiments  the  resistance  with  I.  was  296,240.  The 
resistances  with  II.,  and  the  deflections  due  to  the  leak  obtained 
by  breaking  the  battery  and  then  making  the  galvanometer,  are 
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given  below,  together  with  the  ratio  of  the  two  capacities  corrected 
for  the  leak. 


Interval  between 

Battery  and 
Galvanometer 
Contacts 

Resistance 

Leak  in 
Scale 
Divisions 

*, 

*2 

Correction 

a 
<?, 

0  seconds 

275,980 

0 

1-0734 

0 

1-0734 

5"       „ 

275,180             2-5 

1-0765 

-•0032 

1-0733 

30        „ 

271,380 

14-5 

1-0916          --0184 

1-0732 

60        „ 

267,180 

22-5 

1-1088 

-  -0286 

1-0802 

5         „ 

91,370 

5 

4-3223 

•0168 

4-3391 

30        „ 

92,670           22 

4-2617 

•0743 

4-3360 

60        „ 

94,170           42 

4-1938 

•1415 

4-3353 

| 

The  last  three  lines  of  the  table  give  the  results  of  a  series  of 
comparisons  between  II.,  which  had  a  leak,  and  a  condenser  of 
"1  microfarad,  which  showed  absorption.  The  resistance  with  II. 
was  394,930  ohms. 

In  the  first  four  lines  the  corrections  are  negative,  for  the 
capacity  of  the  leaky  condenser  is  being  found  in  terms  of  the 
standard.  In  the  next  three  lines  they  are  positive,  for  the 
ratio  of  the  mica  condenser  to  the  leaky  standard  II.  is  being 
found. 

A  comparison  of  the  fourth  and  sixth  columns  shows  the 
results  of  the  correction.  In  the  fourth  line  it  is  clear  that 
the  correction  is  not  large  enough.  This  probably  arises  from  the 
difficulty  of  making  contact  with  the  galvanometer  circuit 
sufficiently  soon  after  the  battery  is  broken  to  insure  that  the 
whole  of  the  charge  accumulated  by  the  leak  should  pass  through 
the  galvanometer. 

The  leak  correction  was  also  tested  with  similar  results  by 
putting  an  artificial  leak  in  I. 

We  will  now  give  some  specimens  of  the  observations  made  to 
compare  I.  with  a  mica  condenser  in  order  to  show  the  accuracy 
attained.  Condenser  I.  compared  with  1  microfarad;  resistance 
with  I.,  493,560  ohms;  resistance  with  *1  microfarad,  105,800 
4-  a  variable  resistance  given  below. 

In  the  table  in  which  the  effect  of  the  galvanometer  is  shown 
by  the  letters  R,  L  in  the  last  column,  R  means  there  was  a 
deflection  to  the  right,  L  to  the  left. 

Thus  in  this  case  the  effect  of  an  alteration  of  100  in  the 
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resistance,  i.e.,  y^  of  the  whole,  is  very  marked,  and  we  may 

take  the  following  values  for  R : — 

5  seconds' interval        105,800+    500 

2        „  „  105,800+    650 

0  105,800  +  1300 


Interval  between 
Galvanometer  and 
Battery  Contact 

Variable  Resistance 
to  be  added  above 

Effect  on  Galvanometer 

(700 

R 

5  seconds 

•Uoo 

L 

1500 

very  small  R 

(400 

L 

2        „ 

{700 

R 

(600 

L 

(1200 

L 

0        „ 

-M300 
(1400 

Tremor  Z,  then  swing  to  R 
R 

Other  series  of  observations  showed  that  the  resistance  for 
10  seconds'  interval  was  the  same  as  for  5  seconds' ;  if  the  interval 
was  prolonged  to  30  seconds,  a  very  small  increase  in  capacity 
was  noticeable.  Thus  the  effect  of  absorption  is  to  increase  the 
capacity  of  the  '1  microfarad  by  about  8  in  1000,  or  '008  of 
the  whole;  of  this  *0065  shows  itself  in  the  first  2  seconds  of 
charging  and  '0015  afterwards,  the  increase  after  5  seconds,  if  any, 
being  extremely  small. 

When  comparing  I.  with  '5  microfarad  the  resistances  used 
were  592,290  and  24,900  respectively.  In  this  case  an  alteration 
in  the  latter  resistance  of  10  ohms,  or  ^g^,  was  easily  seen.  The 
following  are  the  results  : — 


Interval 

Resistance 

Interval 

Resistance    ; 

10  seconds 

5       „ 

24,900 
24,900 

2  seconds 

0        „ 

24,930 
25,060 

These  again  show  that  the  absorption  effect  disappears  after 
5  seconds,  and  that  the  effect  of  absorption  in  2  seconds  is  about 
•0052,  and  in  5  seconds  about  '0064  of  the  whole  capacity. 
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When  comparing  with  1  microfarad,  the  resistances  were 
592,290  and  12,580,  the  last  number  being  accurate  to  about 
5  ohms,  or  about  the  same  proportion  as  before. 

The  results  of  the  various  observations  are  given  in  the 
following  table ;  the  observations  made  with  II.  have  been 
corrected  for  the  leak,  as  already  explained. 

Table  giving  the  Capacities  of  Certain  Mica  Condensers  as 
compared  with  the  Air  Condensers. 


Value  found  by 

Date 

Value  from  I. 

Value  from  II. 

Commutator  at 

frequency  64 

August  19    ... 

•04934 

•04938 

•04867 

„       23    ... 

•04934                  -04936 

June      17    ... 

•09772                 -09780 

•09638 

August  14    ... 

•09751 

„       18    ... 

•09773                 -09786 

n         21     ... 

•09773                 -09781 

August  18  (M) 

•5003                    -5008 

„          18  (A) 

•5007 

•5009 

»       21    ... 

•5006 

•5010 

August  18    ... 

•9910 

•9912 

„       21    ... 

•9913 

•9912 

It  will  be  noticed  that,  for  either  condenser  I.  or  II.,  the 
results  are  in  very  close  accordance;  with  the  exception  of  one 
observation,  on  August  14,  the  differences  are  barely  as  great  as 
1  in  5000,  and  the  method  is  clearly  capable  of  giving  the  value  of 
a  mica  condenser,  in  terms  of  the  air  condenser,  to  this  accuracy. 

The  reason  for  the  low  result  on  August  14  is  to  be  found  in 
the  fact  that  on  that  day  the  leak  was  considerable,  being,  as  we 
have  seen,  over  1  per  cent,  per  minute.  Full  observations  for  the 
correction  were  not  taken ;  it  would,  however,  amount  to  about 
•0002,  judged  by  the  correction  required  to  observations  on  II., 
when  leaking  at  a  similar  rate. 

The  results  from  II.  are  equally  consistent  among  themselves, 
but  all  slightly  greater  than  those  from  I.  This  would  indicate 
that  the  correction  applied  for  the  leak  in  II.  is  rather  too  large. 

The  capacities  given  in  the  table  are  those  found  with  a 
5  seconds'  interval,  by  which  time,  as  we  have  seen,  the  absorption 
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on  the  mica  condensers  used  is  practically  complete.  We  have 
already  discussed  the  method  of  determining  the  instantaneous 
capacity,  and  a  table  of  the  corresponding  values  could  easily  be 
given. 

For  our  present  purpose  it  is  hardly  necessary  to  do  this,  and 
indeed  for  many  purposes  for  which  condensers  are  employed  a 
knowledge  of  the  full  capacity  is  more  useful  than  one  of  the 
instantaneous  one.  In  the  last  column  the  values  of  the  capacities 
found  by  the  commutator  method  are  given;  the  differences  in 
both  cases  amount  to  about  1*3  per  cent,  of  the  capacity. 

During  the  forthcoming  year  condenser  II.  will  be  again  set 
up  and  tested,  and  the  permanent  arrangements  for  rapidly 
comparing  condensers  and  for  issuing  certificates  will,  I  hope,  be 
completed. 


APPENDIX  III. 
On  the  Specific  Resistance  of  Copper.     By  T.  C.  FITZPATRICK. 

All  the  values  given  in  tables  for  the  specific  resistance  of  the 
metals  are  directly  or  indirectly  obtained  from  the  values  given  by 
Matthiessen  in  his  series  of  papers  published  in  the  Transactions 
of  the  Royal  Society  for  the  years  1860-1864,  and  in  the  Reports 
of  the  British  Association  for  the  same  years. 

In  the  Transactions*  for  the  year  1860  is  a  paper  by  Matthiessen 
on  the  conductivity  of  pure  copper,  and  on  the  effects  of  impurities 
in  it ;  no  alloy  of  copper  having  as  high  a  conductivity  as  the  pure 
metal.  His  results  are  expressed  in  terms  of  the  conductivity  of  a 
hard-drawn  silver  wire  (100  at  0°  C.).  He  gives  the  following  values 
for  samples  of  copper  carefully  prepared  by  himself:— 

(1)     93-00  at  18-6°  \ 

(m    qq-4fi      90-9'    Glvmg  a  mean  value  of 

S  SS;Si 

(4)  92-76    „    19-3°         Conductivity    of    pure 

(5)  92-99   „    17-5°)       C°pper' 

Numbers  are  given  showing  the  effect  on  the  conductivity  of 
small  quantities  of  oxide,  and  he  states  that  he  found  it  necessary 

*  Phil.  Trans.  1860,  p.  85. 
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to  pass  hydrogen  through  the  molten  metal  for  some  time  for 
entire  reduction.  In  the  Transactions  for  1862,  Dr  Matthiessen 
has  a  paper  on  the  influence  of  temperature  on  the  conductivity 
of  metals.  He  again  expresses  his  results  in  terms  of  a  hard- 
drawn  silver  wire.  On  page  8  of  that  paper  will  be  found  the 
results  of  his  experiments  on  copper :  the  lowest  temperature  at 
which  measurements  were  made  was  12°  or  16° ;  he  there  shows 
how  the  results  for  pure  copper  measured  at  18°  may  be  reduced 
to  0°  C. ;  but  no  measurement  was  actually  made  at  0°  for  any  of 
the  metals  experimented  with. 

He  expresses  the  influence  of  temperature  on  a  hard-drawn 
copper  wire,  the  mean  result  of  a  number  of  determinations,  by 
the  equation 

X  =  100  -  -38701*  4-  -0009009F, 

where  100  is  the  conductivity  of  copper  at  0°  C.,  so  that  a  hard- 
drawn  silver  and  copper  wire  have  the  same  conductivity  at  0°  C. 

The  values  obtained  by  comparison  with  a  hard-drawn  silver 
wire  are  then  largely  the  source  of  the  tables  of  specific 
resistances ;  but  at  the  end  of  his  appendix  to  the  Report  of  the 
Electrical  Standards  Committee  for  1864,  Matthiessen  gives  values 
for  hard-drawn  silver  and  copper  wires  in  terms  of  the  new 
B.A.  unit,  expressed  as  the  resistance  of  a  wire  one  metre  long, 
weighing  one  gramme. 

These  values  are  : — 

Copper         -1469 

Silver  -1682 

The  same  table  of  values  is  given  in  the  Philosophical 
Magazine  for  1865,  where  also  is  given  a  table  of  specific 
resistances  for  wires  one  metre  long,  and  one  millimetre  diameter, 
expressed  in  terms  of  the  B.  A.  unit,  and  calculated  from  the  value 
of  the  known  conducting  power  of  gold-silver  alloy  in  terms  of 
hard-drawn  silver,  and  also  in  terms  of  the  B.  A.  unit. 

The  values  thus  obtained  do  not  agree  at  all  well  with  the 
results  calculated  for  the  resistances  of  the  gramme  metre  by  the 
specific  gravities  of  the  elements  furnished  by  tables. 

Thus  :— 

Calculated  Observed 

Silver   '02048  '02103 

Copper  -02090  '02104 
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Matthiessen  states  that  he  omitted  to  determine  the  specific 
gravity  of  the  copper  used  in  his  experiments ;  he  probably  would 
not  have  obtained  any  very  accurate  results,  as  the  weight  of 
copper  he  used  varied  from  T5  to  4  grammes. 

The  accuracy  of  Matthiessen's  results  seems  to  depend,  there- 
fore, on  the  accuracy  of  his  determination  of  the  resistance  in 
terms  of  the  B.  A.  unit  of  a  hard-drawn  silver  wire ;  in  considering, 
therefore,  the  question  of  the  preparation  of  samples  of  copper 
of  higher  conductivities  than  Matthiessen  obtained,  it  may  be 
suggested  that  the  cause  of  the  difference  is  not  explained  by 
the  fact  that  Matthiessen  did  not  prepare  pure  copper,  but  by 
an  error  in  the  value  of  the  standard  with  which  the  comparison 
was  made. 

I  have,  therefore,  made  a  series  of  experiments  on  the 
resistance  of  pure  silver  wires ;  and,  as  a  general  result,  have 
obtained  a  value  identical  with  that  of  Matthiessen ;  the  difference 
is  not  due,  therefore,  to  an  error  in  the  standard  employed,  as  far 
as  my  experiments  go. 

Matthiessen  does  not  give  anywhere  the  details  of  his  measure- 
ments of  the  specific  resistances  of  the  metals  in  terms  of  the 
B.  A.  unit ;  in  the  B.  A.  Report  he  simply  mentions  that  an 
approximate  table  is  subjoined,  not  even  stating  the  fact  that  the 
values  are  for  a  temperature  of  0°  C.  I  conclude,  therefore,  that 
these  values  are  calculated  out  from  the  former,  of  which  an 
account  is  given  in  the  same  B.  A.  Report,  and  which  were 
performed  at  a  temperature  of  20°  C. 

I  have,  therefore,  on  this  account,  as  well  as  for  other  reasons 
stated  later,  made  my  measurements  at  the  temperature  of  the 
air,  and  believe  that  as  his  values  were  reduced  by  a  temperature 
coefficient  to  values  at  0°  C.,  I  shall,  by  using  the  same  tempera- 
ture coefficient,  obtain  results  directly  comparable  with  my  own 
measurements. 

For  the  measurement  of  the  resistance  of  the  specimens  of 
wire  a  Wheatstone's  bridge  arrangement  was  employed.  Two  of 
the  arms  of  the  bridge  were  formed  by  a  10  and  1  standard 
B.  A.  unit,  namely,  66  and  G;  these  were  so  nearly  10  to  1,  that 
they  were  taken  to  be  in  that  ratio. 

The  third  arm  was  J  of  a  B.  A.  unit,  and  in  the  fourth  arm 
was  the  wire  to  be  measured ;  this  was  stretched  on  a  flat  board, 
and  soldered  at  the  ends  to  copper  plates,  to  which  connecting 
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wires  were  also  soldered;  the  length  of  wire  used  was  generally 
a  little  less  than  two  metres,  and  the  wires  were,  approximately, 
No.  18  B.W.G.  The  board  had  scales  screwed  to  it  at  the  two 
ends.  The  board  and  wire  were  placed  in  a  long  bath  made  of 
zinc,  and  filled  with  paraffin.  Wires  which  were  left  in  the  bath 
for  some  days,  and,  in  more  than  one  case,  several  weeks,  were  not 
found  to  have  been  acted  on  by  the  oil. 

One  end  of  the  wire,  P2,  Q2,  was  connected  by  a  binding  screw, 
through  an  adjustable  resistance,  r  (^  metre  of  copper  wire),  to 
the  mercury  cup,  Qlt  in  which  was  one  of  the  legs  of  the  J  coil, 
and  also  to  a  reversing  key  in  the  battery  circuit.  The  J  and  the 
10-ohm  coils  were  connected  up  together  through  an  adjustable 
resistance,  P^M^,  one  leg  of  each  of  the  coils  10  and  1  was  in  the 
same  mercury  cup,  L ;  and  the  other  end  of  the  1  B.  A.  unit  was 
connected  with  the  other  end  of  the  wire,  PZQZ- 

A  single  Leclanche  cell  was  connected  with  the  reversing  key. 
and  the  fourth  point  of  this  key  was  connected  with  the  mercury 
cup  L,  into  which  the  legs  of  10  and  1  dipped.  In  this  circuit 
there  was  also  a  touch  key.  The  galvanometer  circuit  was  always 
made,  and  thus  there  was  no  thermo-electric  effect  in  the  galvano- 
meter circuit.  To  each  of  the  mercury  cups  Qlt  Plt  Ml}  Jf2  were 
connected  two  thick  wires  with  separate  binding  screws :  one  of 
these  wires  was  welded  to  the  copper  plate  at  the  bottom  of  the 
mercury  cup.  Each  of  these  latter  wires  was  connected  with  two- 
way  keys ;  those  in  Pl  and  Q1  to  the  key  A?, ;  those  in  Ml  to  the 
key  Kl ;  those  in  M*  to  the  key  K^. 

The  base  points  of  the  keys  K^  and  Kz  were  connected  with  a 
delicate  reflecting  galvanometer,  that  employed  for  the  comparison 
of  the  standards  on  the  Fleming  bridge.  The  base  of  the  key  k+ 
was  connected  with  the  third  point  on  the  key  Kz,  and  the  third 
point  on  the  key  K^  was  connected  to  the  base  point  of  a  fourth 
key,  &2,  the  two  other  points  on  this  key  being  connected  with 
riders,  with  which  contact  could  be  made  with  two  points  on  the 
wire  P2Q2',  the  riders  had  straight  edges,  and  thus  their  position 
on  the  scales  could  be  easily  determined.  In  performing  an 
experiment,  the  keys  K^  and  J5T2  were  so  connected  that  the 
mercury  cups,  and  so  the  ends  of  the  coils  10  and  1,  were  in 
circuit  with  the  galvanometer.  The  resistance,  PiMl,  was  then 
varied  till,  on  making  the  battery  circuit,  no  deflection  resulted. 
The  ends  of  the  10  and  1  were  then  at  the  same  potential,  and  as 
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the  other  ends  of  these  coils  were  connected  with  the  same  pole  of 
the  battery,  there  was  the  same  fall  of  potential  on  the  two  lines. 

The  keys  K-^  and  Kz  were  then  reversed,  and  by  the  keys 
&!  and  &2  one  end  of  the  J  coil  and  one  point  on  the  wire  PZQZ 
were  connected  through  the  galvanometer,  and  afterwards  the  two 
other  ends.  The  riders  were  adjusted  till  there  was  no  deflection 
of  the  galvanometer.  The  length  of  wire  between  the  two  riders 
had  then  a  resistance  of  ^  that  of  the  J  B.  A.  unit  coil. 

By  means  of  the  series  of  keys  it  was  easy  to  repeat  the 
observations,  and  to  connect  either  end  of  the  J  coil  with  the  wire. 
The  resistance  PiMlt  did  not  often  change  during  the  experiments, 


Fig.  10. 


as  the  room  was  at  a  constant  temperature ;  any  change  in  it  only 
caused  a  shifting  of  the  position  of  the  riders.  In  each  experi- 
ment, after  all  the  adjustments,  the  bath  was  well  stirred,  and 
everything  left  for  half  an  hour.  It  was  generally  found  that 
the  riders  did  not  require  any  re-adjustment.  The  battery  was 
reversed,  and  all  the  coils  moved.  The  latter  never  caused  any 
effect ;  sometimes  the  reversal  of  the  battery  caused  a  shifting  of 
the  two  riders  a  millimetre  or  two  in  the  same  direction.  Another 
reading  was  taken  three  or  four  hours  after. 

The  coils,  £,  10,  and  1,  were  in  water  baths,  and  their  tem- 
perature remained  the  same  for  hours  together.    The  temperature 

26 
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of  the  paraffin  bath  was  not  so  constant;  it  was  kept  well 
stirred,  and  a  thermometer  divided  to  0'2°  C.  never  showed 
any  difference  in  the  temperature  at  the  different  ends  of  the 
bath  when  the  readings  were  taken.  The  thermometer  employed 
was  Kew  corrected;  and  the  corrections  given  were  verified  by 
recent  comparison  with  a  platinum  thermometer  by  Mr  Griffiths. 

Since  the  two  standard  coils  employed  were  accurately  in  the 
ratio  of  10  to  1,  the  accuracy  of  the  resistance  measurement 
depended  entirely  on  the  value  of  the  J  B.  A.  unit.  This  was  first 
made  as  nearly  as  possible  J,  but  it  was  found  that  for  the  size  of 
the  wires  measured  (18  B.W.G.)  this  was  too  high  a  resistance;  it 
had  therefore  to  be  reduced.  For  the  determination  of  its  value 
there  was  cut  out  in  a  block  of  paraffin  wax  a  large  central 
mercury  cup,  and  outside  this  a  circular  channel;  thick  copper 
plates  were  cut  to  fit  them,  and  both  plates  were  well  amalgamated. 
By  means  of  this  cup  arrangement  the  three  B.  A.  units  (H,  G, 
and  Flat)  were  connected  in  multiple  arc,  and  by  means  of  stout 
copper  rods  the  multiple-arc  arrangement  was  connected  with  the 
mercury  cups  on  the  Fleming's  bridge,  and  so  compared  with  the 
^  B.  A.  unit.  The  following  observations  were  taken : — 

July  12,  1889  :  £  (18'4°)  +  986'6  (b.w.d.)  =  M.A.  +  24'6  (b.w.d.), 

July  22,  1889  :  j  (17'4°)  +  986     (b.w.d.)  =  M.A.  +  241  (b.w.d.), 

August  26,  1890 :  j.  (16'8°)  +  9861  (b.w.d.)  =  M.A.  +  23'9  (b.w.d.). 

The  value  of  a  bridge-wire  division  (b.w.d.)  is  '0000498  B.  A. 
unit  at  15°,  and  the  wire  has  a  temperature  coefficient  of  '00143. 

It  is  evident  from  these  series  of  values  that  the  J  has  not 
changed  in  resistance  during  the  period  of  the  experiments. 

This  comparison,  however,  introduced  a  possible  error,  as  the 
temperature  of  the  bridge  wire  at  the  time  of  experiment  was  not 
accurately  known,  and  this  is  important  when  nearly  the  whole  of 
the  bridge  wire  is  employed.  To  eliminate  this  possible  error  the 
J  was  compared  with  four  B.  A.  units  in  multiple  arc.  In  this  case 
a  large  number  of  bridge-wire  divisions  had  to  be  subtracted  from 
the  value  of  the  J,  and  the  whole  number  of  bridge-wire  divisions 
entering  into  the  calculation  for  the  values  of  the  J  was  largely 
reduced.  The  four  coils  in  multiple  arc  were  (F,  G,  H,  and 
Flat)  :— 

Aug.  25,  1890:  £,  16'8°  +  157     (b.w.d.)  =  M.A.  +  852'05  (b.w.d.), 
Aug.  26,  1890 :  £,  16'8°  +  157-5  (b.w.d.)  =  M.A.  +  851'9    (b.w.d.). 
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All  the  four  coils  were  at  the  same  temperature  (16*8°).     Their 
values  are  taken  from  the  B.  A.  Report,  1888  : — 

Flat         1-000448 

F             1-000028 

G             -99955 

H            -99969 

They  give  for  the  two  multiple-arc  arrangements  the  values 
'33330  and  -24998.  The  connecting  rods  have  a  resistance  of 
•00042,  and  the  value  of  the  J  at  16'8°  is  '28537  B.  A.  unit.  Its 
temperature  coefficient  is  '0001  per  1°  C. 

To  measure  the  lengths  of  the  wires  two  microscopes  with 
scales  and  verniers  reading  to  "1  of  a  millimetre  were  set  up  and 
firmly  clamped  in  position ;  the  distance  between  them  was 
determined  by  means  of  a  beam  compass  and  the  aid  of  a  third 
microscope :  the  distance  between  this  and  the  other  two  being 
directly  read  off  on  the  beam  compass  for  set  positions  of  the 
verniers.  The  wires  were  cut  with  a  fine  fret-saw  at  the  points 
corresponding  to  the  position  of  the  riders  in  the  resistance 
measurements.  Before  weighing  the  wires  were  carefully  cleaned 
with  methylated  spirit.  The  balance  employed  was  the  one  used 
by  Mr  Glazebrook  for  our  determination  of  the  specific  resistance 
of  mercury,  the  weights  were  balanced  against  one  another,  and  in 
all  cases  double  weighings  were  taken. 

The  specific  gravity  of  most  of  the  wires  was  determined ;  for 
this  purpose  distilled  water  was  boiled  and  cooled  rapidly,  the  coil 
of  wire  immersed,  and  the  beaker  and  its  contents  placed  under 
the  receiver  of  an  air-pump,  which  was  connected  with  a  water- 
pump;  this  was  left  running  for  two  or  three  hours  till  all 
air-bubbles  had  disappeared;  the  weight  of  the  wire  in  water 
was  determined,  and  a  second  reading  taken  some  hours  later. 
As  the  weight  of  wire  used  was  from  16  to  20  grammes,  fairly 
accurate  values  for  the  specific  gravity  of  the  several  wires  were 
obtained,  and  thus  the  value  for  each  wire  in  terms  of  the  B.  A. 
unit  for  the  resistance  to  conduction  between  the  opposite  faces  of 
a  cube  of  the  material  was  found. 

The  first  object  of  these  experiments  was  to  test  directly  in 
comparison  with  the  B.  A.  standards  samples  of  copper  wire  of 
high  conductivities,  with  the  view  of  comparing  them  with 
Matthiessen's  standard.  Application  was  therefore  made  to 
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several   firms   for   high-conductivity   copper   wires.      My   thanks 
are  due 'to  those  who  sent  samples. 

A  table  of  results  for  all  the  specimens  tested  is  given,  and  it 
shows  the  variation  in  resistance  of  high-conductivity  wires. 


Resistance  of  Various  Specimens  of  Wire. 


Wire 

Date 

Resistance  of  a  wire 
such  that  1  metre 
weighs  1  grain  me  at 
18°  C.  in  B.A.  units 

Specific 
gravity 

Specific  resistance 
per  c.c.  at  18°  C.  in 
B.A.  units  xlO-9 

Hard- 
drawn 

An- 
nealed 

Hard- 
drawn 

Annealed 

I. 

July  22,  1889 

_ 

1549 

8-86 

_ 

1743 

Nov.    6,  1889 

— 

1550 

8-87 

— 

1745 

II. 

July  22,  1889 

— 

1545 

8-88 

.  — 

1741 

Dec.     2,  1889 

— 

1546 

8-89 

— 

1742 

III. 

Dec.     3,  1889 

— 

1713 

8-87 

— 

1922 

IV. 

July  10,  1889 

1578 

— 

8-89 

1776 

— 

Aug.    1,  1889 

1578 

— 

8-89 

1776 

— 

IV.' 

Nov.    1,  1889 

— 

1511 

8-885 

— 

1724 

V. 

July  31,  1889 

1573 

— 

8-89 

1770 

— 

Oct.  30,  1889 

1572 

— 

8-89 

1770 

— 

V.' 

July  20,  1889 



1526 

8-89 

— 

1712 

Aug.    2,  1889 

— 

1526 

8-89 

— 

1713 

Aug.    8,  1889 

— 

1527 

8-89 

— 

1716 

VI. 

Aug.  10,  1889 

1546 

— 

8-94 

1730 

— 

Oct.   18,  1889 

1549 

— 

8-94 

1732 

— 

July  10,  1890 

1549 

— 

8-94 

1731 

— 

July  14,  1890 

1548 

— 

notobsrvd. 

— 

— 

VI.' 

Aug.    8,  1889 



1508 

8-94 

— 

1688 

Oct.   11,  1889 

— 

1509 

8-94 

— 

1688 

VII. 

Nov.    4,  1889 

1543 

— 

8-946 

1724 

— 

July  15,  1890 

1543 

— 

— 

— 

— 

VIII. 

Oct.  23,  1889 

1700 

— 

8-95 

1903 

— 

Oct.  28,  1889 

1702 

— 

— 

— 

— 

IX. 

Aug.    5,  1889 

1572 

— 

8-90 

1766 

— 

Aug.  18,  1890 

1572 

— 

8-90 

1766 

— 

X. 

Aug.    5,  1890 

1573 

— 

8-91 

1767 

— 

Aug.  26,  1890 

1569 

—  • 

8-92 

1751 

— 

XL 

Aug.  27,  1890 

1569 

— 

8-93 

1750 

— 

As  calcu- 

Matthiessen's value  re-} 

lated  by 

duced  to  18°,  using  > 

1571 

— 

not  given 

1766-6- 

Fleeming 

his  own  coefficient  J 

Jenkin  and 

Fitzpatrick 
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IV.  and  IV.  are  the  same  copper,  but  IV.  is  hard-drawn,  IV. 
is  annealed;  they  were  measured  just  as  they  were  sent  from  the 
manufacturers ;  the  same  is  true  of  V.  and  V7.,  VI.  and  VI7. 

It  will  be  noticed  that  VI.  and  VI'.,  which  are  of  considerably 
less  resistance  than  the  other  wires,  are  of  higher  specific  gravity : 
the  firm  that  sent  them  thus  wrote  of  them,  "  It  is  only  occasion- 
ally we  come  across  copper  as  high  as  this  or  high  enough  to  be 
called  the  highest  (in  conductivity)  we  can  produce.  This  copper 
has  been  produced  electrolytically  by  our  ordinary  process."  How 
this  copper  was  treated  after  electro-deposition  I  do  not  know. 

1  am  inclined  to  think  from  my  own  experience  that  this  difference 
in  density  is  due  rather  to  the  condition  of  the  copper  than  to  its 
relative  purity.     Matthiessen  found  that  very  small  quantities  of 
impurities  reduced  the  conductivity  20  or  30  per  cent.,  and  a 
sufficient  amount  of  impurities  to  cause  this  decrease  in  density 
from  8*94  to  8'90  must  make  a  larger  increase  in  the  resistance  of 
the  copper. 

The  temperature  coefficient  is  stated  to  be  different  for  various 
specimens  of  metal,  according  to  their  purity.  Matthiessen  him- 
self seems  to  have  been  of  this  opinion ;  but  the  mere  difference 
in  density  of  the  metal  might  be  expected  to  affect  the  alteration 
of  conductivity  with  the  same  change  in  temperature.  I  have 
not  been  able  to  find  any  experiments  bearing  on  this  question. 
It  is  quite  easy  to  obtain  samples  of  wire  of  different  density  by 
varying  the  process  of  drawing,  and  the  temperature  coefficients  of 
such  wires  might  be  found  to  be  different. 

Comparing  V.  and  V7.  with  VI.  and  VI7.  it  is  seen  that  with 
this  increase  of  density  there  is  a  distinct  diminution  in  the  effect 
of  annealing. 

IV.  -IV7.  =  '00677^ 

V.-  V'.  =  -005771. 
VI.  -  VI7.  =  -004     J 

I  thought  it  might  be  possible  that  VI7.  was  not  completely 
annealed,  so,  for  a  direct  comparison,  two  specimens  of  VI.,  which 
had  been  measured  hard-drawn  on  July  10  and  14,  1890,  were 
annealed ;  for  this  purpose  a  flat  copper  vessel  was  made  of  about 

2  cm.  height  and  18  in  diameter,  with  a  closely  fitting  lid;  the 
wire  was  packed  in  this  between  sheet  asbestos,  which  had  been 
previously  heated;  the  vessel  was  filled  up  with  lampblack,  and 
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heated  over  a  big  bunsen  burner  and  gradually  cooled ;  the  process 
generally  took  about  twenty-four  hours ;  the  wire  was  found  not  to 
be  oxidised  after  the  process  was  over. 

Wire  Hard-drawn  Annealed  Difference 

I.  1549  1510  -0039, 

II.  1548  1509  -0039. 

The  difference  Matthiessen  obtained  was  *0038. 

The  above  method  of  annealing  was  found  very  effective. 
Silver  wires,  which  on  annealing  decrease  10  per  cent,  in 
resistance,  gave  the  same  value  after  a  second  annealing  as  they 
did  on  the  first  occasion. 

Wire  VII.  was  a  wire  sent  me  by  Mr  H.  A.  Taylor,  and  had  to 
be  drawn  down  before  it  could  be  measured ;  another  piece  of  the 
same  wire  drawn  down  on  a  different  occasion  gave  the  same 
value ;  this  wire  has  the  lowest  resistance  of  any  I  have  obtained ; 
it  has,  too,  the  highest  specific  gravity.  Mr  Taylor  says  of  it 
"  that  it  has  a  higher  temperature  coefficient  than  that  given  by 
Matthiessen." 

VIII.  was  a  sample  of  wire  obtained  from  Germany,  and  said 
to  be  electrolytically  prepared ;  its  high  resistance  is,  I  think,  due 
to  the  presence  of  oxide,  as  I  fused  some  of  it  in  hydrogen,  and 
when  measured  partially  annealed  it  gave  the  value  "1566  at  18° 
for  the  wire,  1  metre  weighing  1  gramme. 

IX.,  X.,  and  XI.  are  wires  of  my  own  preparation.  Pure 
copper  was  prepared  electrolytically  by  Messrs  Sutton,  of  Norwich, 
and  supplied  me  in  thin  sheet,  and  this  was  fused  in  a  porcelain 
tube  18  centimetres  in  length  and  1  centimetre  in  diameter;  the 
tube  was  fitted  up  in  a  small  furnace  made  of  sheet  iron,  and 
lined  with  ganister ;  this  was  heated  rapidly  in  a  blast  flame  led 
in  at  the  bottom.  Some  difficulty  was  experienced  in  obtaining 
the  copper  in  a  solid  cylinder.  In  the  early  experiments  hydrogen 
was  passed  into  the  tube  while  the  copper  was  being  fused,  and 
was  made  to  bubble  through  the  molten  copper ;  on  breaking  the 
tube  the  copper  was  found  to  be  full  of  small  holes ;  the  copper 
had  absorbed  the  hydrogen  at  the  high  temperature  and  given  it 
off  again  on  cooling;  on  another  occasion  the  copper  was  fused 
down  in  hydrogen,  and  the  tube  was  connected  with  a  water-pump 
and  exhausted  and  the  copper  allowed  to  cool  in  a  vacuum ;  this 
gave  a  more  continuous  cylinder.  It  was  found  best  to  fuse  the 
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copper  under  borax,  after  previous  reduction ;  a  good  cylinder  of 
the  metal  was  thus  obtained. 

I  was  unfortunately  not  able  to  draw  down  the  copper  for 
myself;  this  was  very  kindly  done  for  me  by  Messrs  Smith,  of 
Halifax,  and  Messrs  Johnson  and  Matthey.  The  porcelain  tubes 
had  been  prepared  of  such  a  size  that  the  cylinder  of  copper  could 
be  drawn  without  further  heating ;  the  copper,  therefore,  was  not 
fused  after  it  left  my  hands. 

Two  sheets  of  the  electrolytically  prepared  copper  were  fused 
on  different  days,  and  one  cylinder  was  sent  to  Messrs  Smith  to  be 
drawn,  and  the  other  to  Messrs  Johnson  and  Matthey. 

Wires  IX.  were  drawn  by  Messrs  Smith,  wires  X.  by  Messrs 
Johnson  and  Matthey. 

Wire  XL  was  drawn  by  Messrs  Johnson  and  Matthey  from  a 
sample  of  copper  which  I  prepared  by  electrolysis  from  a  pure  solu- 
tion of  copper  sulphate ;  the  copper  was  deposited  on  a  plate  of  copper, 
which  had  had  its  surface  rubbed  over  with  graphite ;  by  this  means 
the  deposited  copper  was  easily  stripped  off  the  plate ;  the  other 
plate  was  of  platinum.  After  a  time  the  solution  was  changed ; 
the  deposition  was  very  slow,  as  it  was  thought  that  there  would 
be  less  likelihood  of  copper  sulphate  getting  in  between  the  layers 
of  copper.  The  deposit  was  boiled  with  dilute  sulphuric  acid  and 
then  in  water,  and  was  afterwards  fused  as  above  described. 

Wires  IX.  were  measured  as  received ;  this  accounts  for  the 
close  agreement  between  the  two  determinations.  Wires  X.  and 
XL  I  had  to  draw  down  further  to  measure  them  on  my  bridge. 

Wires  X.  (2)  and  XI.  were  drawn  down  with  great  care  and 
not  so  much  as  X.  (1). 

Below  is  a  table  of  the  measurements  made  for  the  deter- 
mination of  their  specific  resistances  : — 


Length  of 

Wire 

Value  of 
1  /3 

Temp. 

Weight 
of 

wire  for 
determina- 

Length 
cut  and 

Resistance  of 
gramme  per 

1/6 

wire 

tion  of 

weighed 

metre 

re-istance 

IX.  (1) 

•28547 

17-9° 

20-388 

192-1 

192-5 

1574 

18-3° 

»    (2) 

•28541 

17-4° 

20-153 

192-4 

190-45 

1569 

17-5° 

X.  (1) 

•28550 

18-2° 

19-708 

189-3 

188-8 

1577 

18-6° 

»    (2) 

•28536 

16-8° 

20-252 

192-39 

192-34 

1561 

17-1° 

XL 

•28535 

167° 

20-262 

192-11 

192-51 

1563 

17-2° 
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These  values  reduced  to  a  common  temperature  of  18°  are : — 

IX.  (1)  -1572 

IX.  (2)  1572  Mean  value 

X.  (1)  -1573  1571 

X.  (2)  -1569  B.  A.  unit 

XL  -1569 

Thus  '1571  B.  A.  unit  is  the  resistance  at  18°  of  a  metre  of 
hard-drawn  copper  wire  weighing  1  gramme. 

Matthiessen  in  the  B.  A.  Report  *  gives  as  the  resistance  of  a 
gramme  metre  at  0°  '1469  B.  A.  unit. 

I  have  calculated  from  this  the  value  at  18°,  using  the 
temperature  coefficient  that  he  gives  in  his  paper  on  the  influence 
of  temperature  on  the  conducting  power  of  metals.  I  have 
taken  no  account  of  the  terms  in  t*  as  they  practically  cancel  one 
another. 

R.  18°  =  R°(1  +  -0038701^. 
R.  18°  =  -1571. 

This  is  the  value  that  I  have  obtained  as  the  mean  of  my  own 
observations. 

All  my  observations  were  taken  at  the  temperature  of  the 
room,  and  in  the  table  above  the  values  for  the  different  wires  are 
given  at  the  observed  temperature,  and  then  all  reduced  to  a 
common  temperature  of  18°  C.  Most  observations  of  this  character 
are  taken  at  the  temperature  of  0°  C.,  but  on  the  whole  it  seemed 
more  satisfactory  to  work  at  the  temperature  of  the  room.  In  the 
comparison  of  the  B.  A.  units  I  have  found  that  with  a  difference 
of  temperature  between  coils  which  are  connected  by  thick  pieces 
of  copper  there  is  always  conduction  of  heat,  and  it  is  impossible 
to  tell  accurately  what  is  the  real  temperature  of  the  coils. 

My  observations  were  made  in  the  B.  A.  room  at  the  Cavendish 
Laboratory,  which  has  a  north  aspect,  and  often  the  temperature 
did  not  alter  more  than  a  few  tenths  of  a  degree,  whilst  the 
temperature  of  the  coil  baths  often  remained  perfectly  steady 
for  several  consecutive  days.  I  cannot  find  any  observations  of 
Matthiessen's  at  0°C.;  certainly  his  observations  on  copper  were 
made  at  18°,  and,  consequently,  if  the  value  given  by  him  at 
0°  C.  has  been  obtained  by  the  use  of  a  temperature  coefficient, 

*  B.  A.  Report,  1864,  or  Phil.  Mag.  1865. 
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my  value  might  be  expected  to  agree  with  his  at  18°,  the  tem- 
perature of  his  observations,  supposing  the  samples  of  copper  of  the 
same  character. 

Matthiessen's  results  are  given  in  terms  of  a  gramme  per  metre, 
and  for  wires  of  metre  length  and  1  mm.  in  diameter. 

In  a  paper  in  the  Philosophical  Magazine,  Matthiessen  gives 
the  value  for  hard-drawn  copper  in  these  terms  as : — 

•02104  B.  A.  unit. 

From  his  value  for  the  gramme  metre,  using  the  specific 
gravity  8'95  given  by  tables,  the  same  quantity  was  calculated, 
but  gave  the  result  '0209 ;  in  a  note  added  he  states  that  had  he 
used  the  specific  gravity  8'91  his  results  would  have  been  more 
nearly  alike ;  but  a  specific  gravity  8*90,  I  find,  would  give  an 
identical  value. 

This  would  show,  then,  that  Matthiessen's  own  table,  calculated 
for  values  obtained  by  comparison  with  hard-drawn  silver,  is 
accurate.  I  have  tested  silver  wires,  but  have  not  had  time  to 
draw  up  the  results  in  tabular  form ;  and  I  obtained  an  almost 
identical  value  for  hard-drawn  silver  wire,  as  supplied  me  from 
Messrs  Johnson  and  Matthey,  as  is  given  by  Matthiessen  for  the 
resistance  of  a  gramme  per  metre. 

It  will  be  observed  that  wires  IX.  have  the  specific  gravity 
8'90,  and  give  a  value  in  terms  of  B.  A.  units  for  a  cubic  centi- 
metre of  the  material  identical  with  Matthiessen's  value;  this 
value  is  not  given  directly  by  Matthiessen,  but  is  calculated  from 
his  results  by  Fleeming  Jenkin,  and  given  in  his  table  in  his 
book  Electricity  and  Magnetism,  it  is  T652  microhms.  I  have 
calculated  it  from  Matthiessen's  value,  given  in  the  Philosophical 
Magazine,  and  get  the  number  1'653.  Using  the  same  temperature 
coefficient  as  before,  the  resistance  at  18°  C.  of  a  cubic  centimetre 
of  hard-drawn  copper  is  1766'6  x  10~9  B.  A.  units. 

On  comparing  the  values  for  wires  IX.,  X.,  and  XI.  in  these 
terms,  the  results  do  not  agree  so  well  together  as  when  expressed 
in  terms  of  the  gramme  metre ;  there  is  a  corresponding  difference 
in  the  values  of  the  specific  gravities ;  these  latter  have  been  very 
carefully  determined,  and  the  experiments  repeated  with  the  results 
given. 

Wires,  therefore,  of  the  same  resistance  expressed  for  grammes 
per  metre,  may  give  a  very  different  result,  when  expressed  as  per 
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cubic  centimetre :  attention  has  been  drawn  to  this  fact  in  the 
discussion  on  the  Elmore  copper  in  the  Electrician*.  M.  Roux,  of 
Paris,  in  a  letter  gives  the  following  table  for  high-conductivity 
wire  from  a  paper  of  M.  Hospitalier  in  L'  filectricien,  1887 ;  this 
paper  I  have,  unfortunately,  not  been  able  to  see. 

Density         8*897  9'32  9'6 

Conductivity,  equal  volume     102'4  106'7  110'8 

Conductivity,  equal  weight      101'7  101'2  101'6 

What  is  100  in  the  conductivity  units  is  not  expressed. 
M.  Roux  thinks  that  the  former,  i.e.  for  equal  volume,  is  the 
more  rational  method  of  expressing  the  result. 

Matthiessen  expressed  all  his  results  in  terms  of  equal  weight, 
justifying  it  by  the  greater  accuracy  obtainable  when  working  with 
small  weights  of  wires.  Small  errors  in  the  value  of  the  specific 
gravity  are  easily  made,  and  cause  a  similar  error  in  the  result 
for  equal  volumes  of  different  wires;  unless  working  with  long 
lengths  of  thick  wire  the  weight  of  the  wire  is  small.  The  weight 
of  the  water  displaced  cannot  be  determined  within  *5  to  1  milli- 
gramme, and  that  only  with  care :  this  error  in  *5  of  a  gramme 
means  only  an  accuracy  of  1  in  500.  The  values  given  in  my 
table  are  probably  correct  to  1  in  1500  or  1  in  2000,  as  the 
weight  of  water  displaced  was  in  all  cases  over  2  grammes. 
Results,  therefore,  for  resistances  of  wires  of  equal  weight  are 
the  most  trustworthy,  and,  I  think,  also  the  most  satisfactory 
if  used  to  express  the  resistance  of  a  material  and  not  of  any 
given  wire. 

Wires  X.  (1)  and  X.  (2)  are  of  the  same  copper,  but  drawn 
down  separately :  X.  (1)  was  beginning  to  fray,  and  another 
specimen  of  the  same  copper  drawn  down  still  further  had  on  this 
account  to  be  rejected ;  this  has  affected  the  resistance  value 
expressed  in  both  ways.  Thus : — 

X.  (1)         -1573         1767 

X.  (2)         -1569         1751 

but  much  more  so  when  expressed  for  equal  volumes.    In  both  the 
copper  is  of  the  same  quality. 

It  will  be  noticed  that  with  increase  of  specific  gravity  there  is 
a  decrease  of  resistance,  even  when  the  results  are  expressed  for 
wires  of  equal  weight.  The  resistance  diminishes,  therefore,  more 

*  Electrician,  December  7,  1888. 
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rapidly  than  the  density  increases.  Wires  of  the  same  quality 
may,  in  consequence  of  a  difference  in  drawing,  have  a  different 
density,  and  so  the  results  expressed  in  terms  of  equal  volume 
will  differ  considerably,  while  those  for  equal  weight  are  the  same, 
or  approximately  so. 

The  values  obtained  for  IX.,  X.,  and  XI.  are  so  nearly  identical 
that  it  is  not  unfair  to  conclude  that  they  are  samples  of  pure 
copper ;  their  value  is  identical  with  that  obtained  by  Matthiessen 
at,  I  believe,  the  same  temperature.  The  greater  difference  obtained 
at  0°  C.  between  Matthiessen's  value  and  samples  of  copper  tested 
now  at  that  temperature  is  probably  due  to  the  fact  that 
Matthiessen's  value  was  not  determined  at  0°,  but  reduced  in 
value  for  that  temperature  from  observations,  as  stated  above,  at 
about  20°  C. 

The  higher  conductivity  or  less  resistance  for  the  two  samples 
given  in  the  table  is  due,  not  to  increased  purity  in  the  preparation 
of  the  copper,  but  to  the  difference  in  the  process  of  preparation, 
whereby  a  sample  of  greater  density  is  obtained  than  results  from 
the  working  up  of  small  quantities  of  copper  in  the  laboratory. 

A  sample  of  copper  has  been  prepared  by  chemical  means  with 
the  help  of  my  friend  Mr  Skinner,  but  has  not  yet  been  measured. 


APPENDIX  IV. 

A  Comparison  of  a  Platinum  Thermometer  with  some  Mercury 
Thermometers  at  Low  Temperatures.  By  E.  H.  GRIFFITHS, 
M.A.,  Sidney  College,  Cambridge. 

The  following  communication  describes  the  mode  of  con- 
structing an  air-tight  platinum  thermometer  for  use  at  low 
temperatures.  The  thermometer  was  graduated  by  means  of 
the  freezing  and  boiling  points  of  water,  and  as  regards  inter- 
mediate points  Regnault's  determinations  of  the  temperature 
and  pressure  of  aqueous  vapour  were  adopted.  The  precautions 
observed  in  the  construction  of  the  apparatus,  and  in  the  method 
of  observation,  are  described.  The  thermometer  was  tested  by 
comparison  with  a  number  of  thermometers  standardised  at  Kew. 
The  curves,  showing  the  result  of  these  determinations,  are  in 
remarkably  close  agreement,  and  when  the  observations  were 
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sufficiently  numerous  it  appeared  possible  to  calibrate  the  bore 
as  accurately  as  by  the  usual  more  laborious  process.  The  further 
advantage  of  this  method  is  that  thermometers  can  be  compared 
under  the  conditions  in  which  they  are  to  be  used. 

In  a  communication  to  the  Royal  Society  read  on  June  19, 
1890,  I  described  a  method  of  constructing  and  graduating 
platinum  thermometers,  and  gave  a  table  of  boiling  and  freezing 
points  for  various  substances  lying  between  100°  and  500°, 
determined  by  means  of  these  instruments. 

Subsequent  observations  indicate  that  a  slight  change  appears 
to  be  taking  place  in  the  readings  of  these  thermometers.  I 
attribute  this  (1)  to  alterations  in  the  glass,  (2)  to  presence  of 
moisture  in  the  tube — the  asbestos  roll  on  which  the  spiral  was 
Avound  being  highly  hygroscopic.  I  therefore  decided  to  construct 
a  thermometer  in  which  there  should  be  no  contact  between  the 
glass  and  the  platinum,  and  which  should  be  thoroughly  dry  and 
hermetically  sealed. 

I  was  unable  to  discover  any  suitable  non-conductor  capable  of 
resisting  high  temperatures ;  but  in  anthracene  (melting-point 
213°)  I  found  a  substance  suitable  in  every  respect  for  use  at  low 
temperatures.  I  subjected  a  sample  to  severe  tests  and,  up  to 
a  temperature  of  about  130°,  found  it  to  be  a  better  insulator  than 
paraffin. 

The  leads  to  the  coil  were  constructed  of  silver,  the  inner  one 
a  rod  and  the  outer  a  tube.  The  resistance  of  these  leads  was 
about  '001  ohm  and  therefore  any  change  in  the  external  resistance, 
caused  by  change  of  temperature,  might  be  disregarded.  The 
silver  leads  approached  to  within  about  1  inch  of  the  spiral,  and 
were  connected  to  it  by  moderately  thick  platinum  wires ;  thus  a 
flow  of  heat  from  the  spiral  to  the  silver  was  diminished.  The 
wire  forming  the  coil  was  about  56  inches  in  length,  and  had  a 
diameter  of  '005  inch.  The  spiral  was  about  2  inches  long,  having 
a  resistance  of  about  13'5  ohms  at  0°  C.,  and  the  external  diameter 
of  the  covering  tube  was  about  '3  inch.  The  ends  of  the  asbestos 
roll  were  made  of  greater  diameter  than  the  portion  on  which  the 
spiral  was  wound,  and  thus  there  was  no  glass  contact.  The  tube 
and  contents  were  heated  up  to  a  temperature  of  several  hundred 
degrees,  and  dried  air  passed  through  for  some  hours.  It  was  then 
exhausted  and  the  open  end  placed  under  the  surface  of  melted 
anthracene,  which  was  allowed  to  rise  until  nearly  in  contact  with 
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the  coil.  When  cool,  the  whole  of  the  thermometer,  from  the  spiral 
to  the  upper  end  (about  13  inches)  was  a  solid  mass,  while  the 
spiral  and  asbestos  roll  were  perfectly  dry  and  in  an  almost  vacuous 
space.  I  have  taken  nearly  600  observations  with  this  thermometer 
and  cannot  detect  any  signs  of  change.  When  the  lower  part  was 
undergoing  rapid  changes  in  temperature,  thermo-electric  effects 
showed  themselves,  but  by  reversing  the  battery  and  galvanometer 
connexions  during  each  reading  these  effects  were  eliminated. 
A  low-resistance  galvanometer  was  used,  and  the  current  which 
passed  through  the  thermometer  when  determining  its  resistance 
did  not  exceed  one-hundredth  of  an  ampere.  To  illustrate  the 
closeness  of  the  agreement  in  the  results  obtained  at  different 
times  I  give  the  following  determinations  of  the  resistance  at  a 
temperature  of  100°  determined  in  the  usual  manner  by  means  of 
a  hypsometer  with  manometer  attached.  Full  corrections  were 
made  in  the  barometric  reading,  and  the  results  reduced  to 
lat.  45°. 


Date 

Temperature 

Resistance  (after 
corr.  for  temp, 
of  coils) 

July  26 
„      27 
Aug.  12 
„      13 

100°  C. 

55 
55 
55 

18-2029 
18-2034 
18-2025 
18-2031 

Mean  18-2030 

The  expression  for  the  platinum  temperature  by  this  thermo- 
meter was 

R-  13-5219 
4-6811 

almost   exactly   agreeing   with    the    coefficient    of    the   wire    in 
Mr  Callendar's  air  thermometer  (Phil.  Trans.  A.  1887). 

Mr  G.  M.  Clark,  B.A.  (Sidney  College,  Cambridge),  now  joined 
me  in  the  investigation,  and  as  we  proposed  to  use  this  thermo- 
meter for  the  calibration  and  graduation  of  mercury  thermometers 
between  0°  and  100°,  we  decided  to  obtain  intermediate  tempera- 
tures by  means  of  Regnault's  numbers  connecting  the  temperature 
and  pressure  of  aqueous  vapour.  For  this  purpose  we  constructed 
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Fig.  11. 


a  large  iron  tank  with  two  plate-glass  sides,  holding  about 
16  gallons  of  water,  and  through  two  holes  bored  in  the  bottom 
inserted  two  barometer  tubes,  the  upper  16  inches  of  each  being 
within  the  tank.  One  of  these  was  used  as  a  standard  barometer, 
and  was  prepared  with  great  care,  the  distilled  mercury  with  which 
it  was  filled  having  been  boiled  in  the  tube  for  more  than  six  hours. 
The  internal  diameter  of  the  tube  was  14  mm.,  and  the  absence  of 
any  meniscus  was  very  marked.  If  the  level  of  the  surface  of  the 
water  in  the  tank  was  below  the  top  of  the  barometer,  and  the 
water  warmed,  the  sublimation  of  mercury  in  the  vacuous  space 
was  observable.  The  second  barometer  was  made  from  the  same 
length  of  tubing  as  the  first,  and  communicated  at  its  upper 
extremity  with  a  small  flask  (A),  in  which  was  placed  the  platinum 
thermometer. 

Distilled  water  was  boiled  in  vacuo  for  some  hours,  to  expel  all 
traces  of  air.  The  flask  and  barometer  tube  were  then  exhausted 
by  means  of  an  air-pump,  and  the  lower  end  of  the  tube  placed  in 
a  flask  (B)  containing  the  previously  boiled 
water,  which  rushed  up,  filling  the  tube  and 
flask  (A). 

The  water  remaining  in  B  was  then  boiled 
until  this  flask  and  a  bent  tube  passing  from  it 
into  a  basin  of  mercury,  30  inches  beneath,  were 
completely  filled  with  steam,  and,  on  cooling, 
the  height  of  mercury  in  the  tube  enabled  us 
to  determine  that  the  pressure  on  its  surface 
was  that  of  aqueous  vapour  only.  The  water 
in  the  upper  flask  was  then  boiled  for  many 
hours,  and  only  allowed  to  cool  occasionally  to 
permit  of  the  water  in  the  lower  flask  being 
boiled  away.  To  prevent  access  of  air  the 
steam  was  driven  off  through  the  mercury. 
When  the  water  in  flask  A  was  reduced  to 
about  a  tablespoonful,  the  boiling  was  stopped, 
and  the  level  of  the  mercury  was  raised  until  it 
flowed  back  first  into  flask  B  and  thence  into 
the  barometer  tube,  as  flask  A  cooled. 

The  open  end  of  the  barometer  tube  was  then  sealed,  the 
flask  B  replaced  by  a  small  cup  of  dry  mercury,  and  the  end  of 
the  tube  opened  below  the  surface.  The  water  remaining  on  the 
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top  of  the  column  was  driven  back  into  the  flask  by  pouring  hot 
water  over  the  tube. 

During  other  experiments  water  occasionally  collected  on  the 
mercury,  but  by  means  of  a  concave  mirror  it  was  driven  back 
into  the  flask ;  the  mirror  was  of  course  removed  some  time  before 
an  observation  was  taken. 

The  tank,  filled  with  water,  was  maintained  at  any  required 
temperature  by  means  of  a  gas  regulator.  The  lower  parts  of  the 
barometer  tubes  were  screened  by  sheets  of  asbestos,  and  the  two 
cups  were  connected  by  a  small  siphon.  The  glass  sides  of  the 
tank  were  covered  with  white  paper  to  prevent  radiation ; 
openings  were  left  for  observations,  during  which  the  water  in 
the  tank  was  kept  in  a  continual  state  of  agitation  by  the 
oscillation  of  a  large  paddle  driven  by  a  water  motor.  The 
paddle,  fixed  in  one  corner  of  the  lid,  swept  across  the  tank, 
driving  the  water  before  it,  and  lifting  it  at  the  same  time.  We 
have  tried  several  forms  of  stirrers,  and  we  believe  this  to  be  a 
more  effective  form  than  a  screw  or  a  plunger. 

The  difference  in  the  height  of  the  mercury  in  the  two  baro- 
meter tubes  was  ascertained  by  the  kathetometer  G.  33,  in  the 
Cavendish  Laboratory,  and  by  means  of  it  readings  could  be 
taken  to  '50  mm.  Care  was  taken  to  bring  both  levels  horizontal 
before  each  observation. 

As  the  coefficient  of  expansion  of  the  kathetometer  scale  was 
unknown  and  the  temperature  of  the  room  usually  about  20°  C., 
we  decided  to  compare  it  with  the  standard  scale  R,  whose 
coefficient  of  expansion  and  scale  errors  had  been  determined  by 
the  Standards  Department  of  the  Board  of  Trade*. 

Twenty-one  comparisons  were  made  (greatest  divergence  from 
the  mean  '10  mm.),  and  the  result  was  as  follows : — 300*35  mm. 
on  kathetometer  scale  at  20°  =  300*35489  of  Board  of  Trade 
Standard  (S.S.)  at  0°. 

Thus  no  scale  correction  was  necessary. 

The  difference  (D)  of  the  mercury  columns  was  corrected  for 
temperature,  pressure  of  mercury  vapour  and  latitude,  and  the 
resulting  length  denoted  by  DQ:  the  temperature  corresponding 
to  DQ  was  deduced  from  the  very  full  table  given  in  Part  3  of 
Carnelley's  Melting  and  Soiling  Point  Tables. 

The  extremities  of  the  curve  (at  0°  and  100°)  having  been 

*  Standard  metre,  verified  June  1882,  designated  E  in  Mr  Chaney's  report. 
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determined,  it  was   only  necessary  to   get   points   between   30° 
and  80°. 

Ninety  observations  were  taken,  and  although  occasional 
divergences  presented  themselves,  the  mean  path  gives  a  curve 
which  we  believe  to  be  within  less  than  '02°  of  the  true  path 
at  all  points.  It  agrees  closely  with  the  curve  obtained  by 
Mr  Callendar  from  the  parabola, 


*57  [(loo)    looj ' 


by  measuring  one-tenth  of  the  ordinate  along  the  abscissa*. 

The  following  equation,  however,  represents  its  path  more 
accurately. 

2/  =  '018795f--000199ie2-fOOO,000,lll-5^.  The  curve  itself 
is  shown  in  fig.  12. 

Fig.  12. 


We  proceeded  to  test  our  conclusions  by  comparison  with 
thermometers  standardised  at  Kew;  for  this  purpose  a  rotating 
annular  ring,  through  the  centre  of  which  the  platinum  thermo- 
meter passed,  was  inserted  in  the  lid  of  the  tank,  in  such  a 
manner  that  the  mercury  thermometers,  fixed  in  holes  bored  near 
its  circumference,  could  successively  be  brought  into  the  field  of 
view  of  the  kathetometer  without  any  re-adjustment  of  the 

*  It  must  be  remembered  that  Callendar's  difference  curve  gives  the  connexion 
between  platinum  and  air  thermometer  temperatures,  whilst  Regnault  used  a 
mercury  thermometer  (M.A.S.  XXI.),  and  thus  curve  A  gives  the  relation  between 
platinum  and  mercury  thermometer  temperature. 
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telescope;  the  thermometers  were  then  read  by  one  observer, 
whilst  the  platinum  resistances  were  taken  by  the  other.  The 
freezing-points  were  not,  however,  determined  by  this  method, 
but  by  direct  immersion  in  powdered  ice,  adopting  the  precautions 
recommended  by  Guillaume  in  his  Thermometrie  de  Precision. 

The  following  curves  were  then  drawn,  which  indicate  the 
result  of  the  comparison  of  our  platinum  thermometer  with  those 
standardised  at  Kew. 


Curve 

Thermometer, 
Kew  No. 

Standardised 

B 

75148 

October  1888 

0 

75149 

October  1888 

D 

43762 

May  1885 

E 

8394 

Dec.  1880,  Jan.  1882,  April  1888 

All  these  thermometers  were  made  by  Hicks ;  the  first  three 
were  kindly  placed  at  our  disposal  by  Mr  R.  T.  Glazebrook ;  the 
last  is  one  of  those  referred  to  by  Mr  W.  N.  Shaw  in  a  communi- 
cation to  the  B.  A.  during  the  Bath  Meeting,  the  successive  curves 
of  which,  then  exhibited  by  him,  he  has  kindly  allowed  us  to  copy. 

In  these  diagrams  the  abscissae  represent  the  temperature — in 
the  strong  curves,  that  obtained  by  us,  and  in  the  faint,  that 
obtained  by  Kew :  the  ordinates  in  each  case  being  the  divergence 
of  the  actual  readings  from  these  results.  Where  crosses  occur  at 
almost  identical  temperatures  they  indicate  observations  separated 
by  a  considerable  interval  of  time;  in  no  case  did  less  than 
20  minutes  elapse,  whilst  in  some  several  days. 

Three  only  of  our  observations  are  unrecorded  on  these  charts, 
and  in  each  case,  owing  to  imperfect  light,  interruptions,  etc., 
these  experiments  were  regarded  as  doubtful  before  their  results 
were  deduced. 

The  gradual  rise  of  the  zero  point  is  clearly  indicated ;  apparent 
discrepancies  are  probably  due  to  the  fact  that  the  Kew  deter- 
minations are  less  frequent  than  ours,  and  as  a  consequence  many 
of  the  smaller  deviations  have  escaped  notice. 

The  results  show : — 

1.     That  thermometers  whose  range  does  not  include  0°  and 
100°  may  have  certain  fixed  points  determined  by  this  method. 
B.  A.  27 
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2.  That  an  actual  calibration  of  a  mercury  thermometer  can 
also  be  readily  accomplished. 

3.  That  the  platinum  thermometer,  properly  constructed,  may 
serve  as  a  standard  by  which  to  trace  the  changes  which  may  take 
place  in  mercury  thermometers. 

4.  That   since   the   readings   of  the  platinum  thermometer 
are  independent  of  the  extent  of  the  stem-immersion,  it  can  be 
conveniently  employed  for  the  graduation  of  thermometers  partially 
immersed,  as  in  ordinary  use. 

We  have  since  calibrated  about  twenty  thermometers  by  this 
method,  and  we  believe  the  results  to  be  satisfactory  in  all  cases. 


APPENDIX  V. 

On  the  Absolute  Resistance  of  Mercury. 
By  R.  T.  GLAZEBROOK,  F.R.S. 

The  following  table  gives  the  results  of  experiments  made 
since  1882  on  the  absolute  resistance  of  mercury.  The  first  eight 
lines  relate  to  experiments  in  which  the  resistance  of  a  wire 
has  been  found  absolutely  and  then  expressed  in  terms  of  the 
resistance  of  mercury  by  direct  observation.  In  the  next  four 
lines  the  results  of  comparisons  between  certain  coils  of  wire  and 
the  resistance  of  mercury  are  given.  It  will  be  noticed  that  the 
value  found  by  Lord  Rayleigh  for  the  resistance  of  100  cm.  of 
mercury  in  B.  A,  units  is  considerably  in  excess  of  the  results  of 
other  experimenters.  If  in  obtaining  from  his  value  of  the  B.A. 
unit  expressed  in  ohms  the  value  of  the  ohm  in  mercury  we  use 
•9535  instead  of  '9541,  Lord  Rayleigh's  values  106'24  and  106'21 
become  106'30  and  106'27,  and  the  mean  result  106'28  is  hereby 
raised  to  106'30. 

The  observers  whose  results  are  given  in  the  last  seven  lines, 
with  the  exception  of  Lorenz,  did  not  themselves  directly  compare 
the  results  of  their  absolute  determinations  with  the  resistance  of 
mercury,  but  with  coils  usually  of  German-silver,  the  value  of 
which  in  mercury  units  was  certified  either  by  Siemens  or 
Strecker. 

27—2 
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The  value  given  by  Salvioni  in  his  paper  (Rendiconti  delta 
R.  Accademia  dei  Lincei,  vol.  v.  fasc.  7)  is  "95404.  Owing  to  a 
mistake  in  calculation,  in  consequence  of  which  a  correction 
was  applied  with  the  wrong  sign,  the  value  sent  to  him  from 
Cambridge  for  his  B.  A.  standard  was  in  error  by  *0005.  When 
this  is  corrected  his  value  becomes  "95354,  thus  agreeing  very 
closely  with  the  others.  Salvioni's  value  in  line  11  is  obtained 
through  a  coil  of  Strecker's. 


EIGHTEENTH   EEPORT— CAKDIFF,    1891. 


SOME  further  experiments  have  been  made  with  satisfactory 
results  on  the  air-condensers  of  the  Association.  A  megohm  re- 
sistance box  has  been  purchased  for  use  in  comparisons  of  capacity. 

With  a  view  to  testing  the  permanence  of  the  resistance 
standards  it  was  thought  desirable  to  compare  them  again  with 
the  mercury  standards.  This  was  done  in  December  and  January 
by  the  Secretary.  The  coil  Flat  was  compared  with  two  mercury 
tubes  constructed  in  1884  by  Mr  J.  R.  Benoit,  which  had  been 
filled  at  Cambridge  early  in  the  year  1885,  and  had  remained  full 
since.  An  account  of  the  comparison  was  read  before  the  Physical 
Society  May  9,  1891,  and  appears  in  the  Philosophical  Magazine, 
July,  1891. 

The  tubes  were  compared  with  the  BA.  standards.  If  we  take, 
as  was  done  in  1885,  for  the  resistance  in  BA.  units  of  a  column 
of  mercury  100  cm.  long  1  sq.  mm.  in  section,  the  value  '95412 
B.A.U.,  we  have  the  following  results  for  the  resistance  of  the  tubes 
in  Legal  Ohms. 


No. 

Value  in  1885 
found  by  R.  T.  G. 

Value  in  1891 
found  by  R.  T.  G. 

37  
39  

•99990 
•99917 

•99986 
•99913 

The  differences  are  only  '00004  Legal  Ohms,  which  is  too  small 
to  feel  really  certain  about.  If  we  accept  for  the  resistance  of 
mercury  the  value  '95352  B.A.U.,  which  (BA.  Report,  1890) 
appears  the  best  value,  then  we  have: — 


v                Value  given  by 
Benoit  1885 

Value  found  by 
R.  T.  G.  in  1891 

37  
39  

1-00045 
•99954 

1-00033 
•99959 

.  I 
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These  comparisons  were  made  with  Flat,  and  lead  to  the  con- 
clusion that  it  has  remained  unchanged. 

In  November,  1890,  the  Association  was  invited  by  the 
President  of  the  Board  of  Trade  to  nominate  two  members  to 
represent  the  Association  on  a  Committee  "  On  Standards  for  the 
Measurement  of  Electricity  for  use  in  Trade."  A  meeting  of  the 
Electrical  Standards  Committee  was  held  on  December  2,  and  it 
was  agreed  to  suggest  to  the  Council  of  the  Association  the  names 
of  Professor  Carey  Foster  and  Mr  R.  T.  Glazebrook  as  representa- 
tives. These  gentlemen  were  appointed  by  the  Board  of  Trade 
together  with  Mr  Courtenay  Boyle,  C.B.,  Major  Cardew,  Mr  E. 
Graves,  Mr  W.  H.  Preece,  Sir  Wm.  Thomson,  Lord  Rayleigh, 
Dr  Jno.  Hopkinson,  and  Professor  Ayrton. 

This  Committee  after  various  meetings  drew  up  a  report,  a 
copy  of  which  is  printed  as  Appendix  I.  to  this  Report. 

The  standards  of  resistance  constructed  in  accordance  with 
9  Resolution  6  of  the  Report  are  now  in  the  hands  of  the  Secretary, 
and  are  being  compared  with  the  standards  of  the  Association. 

Numerous  experiments  on  the  methods  of  constructing  Clark's 
cells,  and  on  the  electromotive  force  of  such  cells,  have  been  made 
at  the  Cavendish  Laboratory  by  Mr  Wilberforce,  Mr  Skinner,  and 
the  Secretary.  These  are  still  incomplete,  but  the  experiments  so 
far  as  they  have  been  finished  lead  to  the  value  1*434  volts  at  15°  C. 
for  the  E.M.F.  of  the  cell.  The  value  found  by  Lord  Rayleigh  was 
1*435  at  the  same  temperature. 

Mr  Fitzpatrick  has  continued  his  experiments  on  the  re- 
sistance of  silver,  and  an  account  of  these  will  be  given  in  a  future 
Report. 

The  Committee  ask  for  reappointment  with  omission  of  the 
names  of  Principal  Garnett  and  Mr  H.  Tomlinson,  and  addition  of 
those  of  Dr  G.  Johnstone  Stoney  and  Professor  S.  P.  Thompson. 
They  recommend  that  Professor  Carey. Foster  be  Chairman,  and 
Mr  R.  T.  Glazebrook  Secretary.  They  further  ask  to  be  allowed 
to  retain  an  unexpended  balance  of  last  year's  grant,  amounting  to 
£17.  4s.  6d.,  as  well  as  for  a  new  grant  of  £10. 
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APPENDIX   I. 

REPORT  OF  THE  ELECTRICAL  STANDARDS  COMMITTEE  APPOINTED 
BY  THE  BOARD  OF  TRADE. 

To  the  Right  Honourable  Sir  Michael  Hicks-Beach,  Bart,  M.P., 
President  of  the  Board  of  Trade. 

In  compliance  with  the  instructions  contained  in  your  Minute 
of  the  16th  December  last,  that  we  should  consider  and  report 
whether  any,  and,  if  so,  what  action  should  be  taken  by  the 
Board  of  Trade  under  section  6  of  the  Weights  and  Measures 
Act,  1889,  with  a  view  to  causing  new  denominations  of  standards 
for  the  measurement  of  electricity  for  use  for  trade  to  be  made 
and  duly  verified,  we  have  the  honour  to  submit  the  following 
report : — 

1.  Before  coming  to  a  decision  as  to  the  points  referred  to  us, 
we  were  anxious  to  obtain  evidence  as  to  the  wishes  and  views  of 
those  practically  interested  in  the  question,  as  well  as  of  Local 
Authorities  who  are  concerned  in  the  administration  of  the  Weights 
and  Measures  Acts. 

2.  With  this  view  we  prepared  draft  resolutions  embodying 
the  proposals  which,  subject  to  further  consideration,  appeared  to 
us  desirable,  and  forwarded  copies  to  the  representatives  of  various 
interests  for  criticism.     Copies  were  also  forwarded  to  the  Press. 
We  also  invited  the  following  bodies  to  nominate  witnesses  to  give 
evidence  before  us : — 

The  Association  of  Chambers  of  Commerce  of  the  United 

Kingdom. 

The  Association  of  Municipal  Corporations. 
The  London  County  Council. 
The  London  Chamber  of  Commerce. 

3.  In  response  to  this  invitation  the   following  gentlemen 
attended  and  gave  evidence : — 

On  behalf  of  the  Association  of  Chambers  of  Commerce, 
Mr  Thomas  Parker  and  Mr  Hugh  Erat  Harrison. 

On  behalf  of  the  London  County  Council,  Professor  Silvanus 
Thompson. 
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On  behalf  of  the  London  Chamber  of  Commerce,  Mr  R.  E. 

Crompton. 

The  Association  of  Municipal  Corporations  did  not  consider 
it  necessary  to  offer  any  oral  evidence,  but  the  follow- 
ing resolution  passed  by  the  Law  Committee  of  that 
body  was  adopted  by  the  Council  of  the  Association : — 
"  The  Committee  are  of  opinion  that,  assuming  that 
the  science  of  electricity  has  advanced  so  far  that 
it   is   now  possible  properly  to  define  the  three 
units  referred  to  in  the  Board  of  Trade  letter," 
(i.e.,  the  ohm,  ampere,  and  volt)  "  and  to  construct 
an  instrument  for  the  purpose  of  standard  measure- 
ment, the  time  has  arrived  for  the  Board  of  Trade 
to  take  action  thereon." 

4.  In  addition  to  the  witnesses  above  referred  to  the  following 
gentlemen  were  invited  to  give  evidence,  and  we  are  indebted  to 
them  for  valuable  information  and  assistance  : — 

Dr  J.  A.  Fleming. 

Dr  Alexander  Muirhead. 

5.  We  also  had  the  advantage  of  the  experience  and  advice 
of  Mr  H.  J.  Chaney,  Superintendent  of  Weights  and  Measures, 
who,  at  the  request  of  our  Chairman,  was  present  at  our  meetings. 

6.  After  a  careful  consideration  of  the  questions  submitted  to 
us,  and  the  evidence  given  by  the  various  witnesses,  we  have  agreed 
to  the  following  resolutions : — 

Resolutions. 

1.  That  it  is  desirable  that  new  denominations  of  standards 

for  the  measurement  of  electricity  should  be  made  and 
approved  by  Her  Majesty  in  Council  as  Board  of  Trade 
standards. 

2.  That  the  magnitudes  of  these  standards  should  be  de- 

termined on  the  electro-magnetic  system  of  measure- 
ment with  reference  to  the  centimetre  as  unit  of 
length,  the  gramme  as  unit  of  mass,  and  the  second  as 
unit  of  time,  and  that  by  the  terms  centimetre  and 
gramme  are  meant  the  standards  of  those  denomina- 
tions deposited  with  the  Board  of  Trade. 
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3.  That  the  standard  of  electrical   resistance   should   be 

denominated  the  ohm,  and  should  have  the  value 
1,000,000,000  in  terms  of  the  centimetre  and  second. 

4.  That  the   resistance    offered   to  an  unvarying  electric 

current  by  a  column  of  mercury  of  a  constant  cross 
sectional  area  of  one  square  millimetre,  and  of  a  length 
of  106'3  centimetres  at  the  temperature  of  melting  ice, 
may  be  adopted  as  one  ohm. 

5.  That  the  value  of  the  standard  of  resistance  constructed 

by  a  committee  of  the  British  Association  for  the 
Advancement  of  Science  in  the  years  1863  and  1864, 
and  known  as  the  British  Association  unit,  may  be 
taken  as  *9866  of  the  ohm. 

6.  That  a  material  standard,  constructed  in  solid  metal,  and 

verified  by  comparison  with  the  British  Association 
unit,  should  be  adopted  as  the  standard  ohm. 

7.  That  for  the  purpose  of  replacing  the  standard,  if  lost, 

destroyed,  or  damaged,  and  for  ordinary  use,  a  limited 
number  of  copies  should  be  constructed,  which  should 
be  periodically  compared  with  the  standard  ohm  and 
with  the  British  Association  unit. 

8.  That  resistances  constructed  in  solid  metal  should  be 

adopted  as  Board  of  Trade  standards  for  multiples 
and  submultiples  of  the  ohm. 

9.  That   the   standard    of    electrical    current    should    be 

denominated  the  ampere,  and  should  have  the  value 
one-tenth  (0*1)  in  terms  of  the  centimetre,  gramme, 
and  second. 

10.  That  an  unvarying  current  which,  when  passed  through 

a  solution  of  nitrate  of  silver  in  water,  in  accordance 
with  the  specification  attached  to  this  report,  deposits 
silver  at  the  rate  of  O'OOlllS  of  a  gramme  per  second, 
may  be  taken  as  a  current  of  one  ampere. 

11.  That  an  alternating  current  of  one  ampere  shall  mean 

a  current  such  that  the  square  root  of  the  time  average 
of  the  square  of  its  strength  at  each  instant  in  amperes 
is  unity. 

12.  That  instruments  constructed   on  the  principle  of  the 

balance,  in  which,  by  the  proper  disposition  of  the  con- 
ductors, forces  of  attraction  and  repulsion  are  produced, 
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15. 


16. 


which  depend  upon  the  amount  of  current  passing,  and 
are  balanced  by  known  weights,  should  be  adopted  as 
the  Board  of  Trade  standards  for  the  measurement  of 
current  whether  unvarying  or  alternating. 

That  the  standard  of  electrical  pressure  should  be 
denominated  the  volt,  being  the  pressure  which,  if 
steadily  applied  to  a  conductor  whose  resistance  is  one 
ohm,  will  produce  a  current  of  one  ampere. 

That  the  electrical  pressure  at  a  temperature  of  62°  F. 
between  the  poles  or  electrodes  of  the  voltaic  cell 
known  as  Clark's  cell,  may  be  taken  as  not  differing 
from  1*433  volts  by  more  than  an  amount  which  will 
be  determined  by  a  sub-committee  appointed  to  in- 
vestigate the  question,  who  will  prepare  a  specification 
for  the  construction  and  use  of  the  cell. 

That  an  alternating  pressure  of  one  volt  shall  mean  a 
pressure  such  that  the  square  root  of  the  time-average 
of  the  square  of  its  value  at  each  instant  in  volts  is 
unity. 

That  instruments  constructed  on  the  principle  of  Sir 
W.  Thomson's  Quadrant  Electrometer  used  idiostati- 
cally,  and  for  high  pressures  instruments  on  the 
principle  of  the  balance,  electrostatic  forces  being 
balanced  against  a  known  weight,  should  be  adopted 
as  Board  of  Trade  standards  for  the  measurement  of 
pressure,  whether  unvarying  or  alternating. 


7.  We  have  adopted  the  system  of  electrical  units  originally 
defined  by  the  British  Association  for  the  Advancement  of  Science ; 
and   we  have  found  in  its  recent  researches,  as  well  as  in  the 
deliberations  of  the  International  Congress  on  Electrical  Units, 
held  in  Paris,  valuable  guidance  for  determining  the  exact  magni- 
tude of  the  several  units  of  electrical  measurement,  as  well  as  for 
the  verification  of  the  material  standards. 

8.  We    have    stated    the    relation    between    the    proposed 
standard  ohm  and  the  unit  of  resistance   originally  determined 
by  the  British  Association,  and  have  also  stated  its  relation  to  the 
mercurial  standard  adopted  by  the  International  Conference. 
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9.  We  find  that  considerations  of  practical  importance  make 
it  undesirable  to  adopt  a  mercurial  standard ;  we  have,  therefore, 
preferred  to  adopt  a  material  standard  constructed  in  solid  metal. 

10.  It  appears  to  us  to  be  necessary  that  in  transactions 
between  buyer  and  seller  a  legal  character  should  henceforth  be 
assigned  to  the  units  of  electrical  measurement  now  suggested, 
and  with  this  view,  that  the  issue  of  an  Order  in  Council  should 
be  recommended,  under  the  Weights  and  Measures  Act,  in  the 
form  annexed  to  this  report. 

SPECIFICATION  REFERRED  TO  IN  RESOLUTION  10. 

In  the  following  specification  the  term  silver  voltameter  means 
the  arrangement  of  apparatus  by  means  of  which  an  electric 
current  is  passed  through  a  solution  of  nitrate  of  silver  in  water. 
The  silver  voltameter  measures  the  total  electrical  quantity  which 
has  passed  during  the  time  of  the  experiment,  and  by  noting  this 
time  the  time-average  of  the  current,  or,  if  the  current  has 
remained  constant,  the  current  itself  can  be  deduced. 

In  employing  the  silver  voltameter  to  measure  currents  of  about 
1  ampere  the  following  arrangements  should  be  adopted.  The 
kathode  on  which  the  silver  is  to  be  deposited  should  take  the 
form  of  a  platinum  bowl  not  less  than  10  cm.  in  diameter,  and 
from  4  to  5  cm.  in  depth. 

The  anode  should  be  a  plate  of  pure  silver  some  30  square  cm. 
in  area  and  2  or  3  millimetres  in  thickness. 

This  is  supported  horizontally  in  the  liquid  near  the  top  of  the 
solution  by  a  platinum  wire  passed  through  holes  in  the  plate  at 
opposite  corners.  To  prevent  the  disintegrated  silver  which  is 
formed  on  the  anode  from  falling  on  to  the  kathode,  the  anode 
should  be  wrapped  round  with  pure  filter  paper,  secured  at  the 
back  with  sealing  wax. 

The  liquid  should  consist  of  a  neutral  solution  of  pure  silver 
nitrate,  containing  about  15  parts  by  weight  of  salt  to  85  parts  of 
water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the 
current  passes.  To  prevent  these  changes  having  too  great  an 
effect  on  the  current,  some  resistance  besides  that  of  the  volta- 
meter should  be  inserted  in  the  circuit.  The  total  metallic 
resistance  of  the  circuit  should  not  be  less  than  10  ohms. 
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Method  of  Making  a  Measurement. 

The  platinum  bowl  is  washed  with  nitric  acid  and  distilled 
water,  dried  by  heat,  and  then  left  to  cool  in  a  desiccator.  When 
thoroughly  dry  it  is  weighed  carefully. 

It  is  nearly  filled  with  the  solution,  and  connected  to  the  rest 
of  the  circuit  by  being  placed  on  a  clean  copper  support,  to 
which  a  binding  screw  is  attached.  This  copper  support  must  be 
insulated. 

The  anode  is  then  immersed  in  the  solution  so  as  to  be  well 
covered  by  it  and  supported  in  that  position;  the  connexions  to 
the  rest  of  the  circuit  are  made. 

Contact  is  made  at  the  key  noting  the  time  of  contact.  The 
current  is  allowed  to  pass  for  not  less  than  half  an  hour,  and  the 
time  at  which  contact  is  broken  is  observed.  Care  must  be  taken 
that  the  clock  used  is  keeping  correct  time  during  this  interval. 

The  solution  is  now  removed  from  the  bowl  and  the  deposit  is 
washed  with  distilled  water  and  left  to  soak  for  at  least  six  hours. 
It  is  then  rinsed  successively  with  distilled  water  and  alcohol  and 
dried  in  a  hot-air  bath  at  a  temperature  of  about  160°  C.  After 
cooling  in  a  desiccator  it  is  weighed  again.  The  gain  in  weight 
gives  the  silver  deposited. 

To  find  the  current  in  amperes  this  weight,  expressed  in 
grammes,  must  be  divided  by  the  number  of  seconds  during  which 
the  current  has  been  passed,  and  by  '001118. 

The  result  will  be  the  time-average  of  the  current,  if  during 
the  interval  the  current  has  varied. 

In  determining  by  this  method  the  constant  of  an  instrument, 
the  current  should  be  kept  as  nearly  constant  as  possible,  and  the 
readings  of  the  instrument  taken  at  frequent  observed  intervals 
of  time.  These  observations  give  a  curve  from  which  the  reading 
corresponding  to  the  mean  current  (time-average  of  the  current) 
can  be  found.  The  current,  as  calculated  by  the  voltameter, 
corresponds  to  this  reading. 
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PROVISIONAL  MEMORANDUM  ON  THE  PREPARATION  OF  THE 
CLARK'S  STANDARD  CELL. 

Definition  of  the  Cell. 

The  cell  consists  of  zinc  and  mercury  in  a  saturated  solution 
of  zinc  sulphate  and  mercurous  sulphate  in  water,  prepared  with 
mercurous  sulphate  in  excess,  and  is  conveniently  contained  in  a 
cylindrical  glass  vessel. 

Preparation  of  the  Materials. 

1.  The  Mercury. — To  secure  purity  it  should  be  first  treated 
with   acid   in  the  usual  manner,  and  subsequently  distilled  in 
vacua. 

2.  The  Zinc. — Take  a  portion  of  a  rod  of  pure  zinc,  solder 
to  one  end  a  piece  of  copper  wire,  clean  the  whole  with  glass 
paper,  carefully   removing   any  loose   pieces   of  the   zinc.     Just 
before    making   up   the  cell  dip  the  zinc  into  dilute  sulphuric 
acid,  wash  with  distilled  water,  and  dry  with  a  clean  cloth  or  filter 
paper. 

3.  The  Zinc  Sulphate  Solution. — Prepare  a  saturated  solution 
of  pure  ("  pure  re-crystallised ")  zinc  sulphate  by  mixing   in  a 
flask  distilled  water  with  nearly  twice  its  weight  of  crystals  of 
pure  zinc  sulphate,  and  adding  a  little  zinc  carbonate  to  neutralise 
any  free  acid.     The  whole  of  the  crystals  should  be  dissolved  with 
the  aid  of  gentle  heat,  i.e.  not  exceeding  a  temperature  of  30°  C., 
and  the  solution  filtered,  while  still  warm,  into  a  stock  bottle. 
Crystals  should  form  as  it  cools. 

4.  The  Mercurous  Sulphate. — Take  mercurous  sulphate,  pur- 
chased as  pure,  and  wash  it  thoroughly  with  cold  distilled  water 
by  agitation  in  a  bottle;   drain  off  the  water,  and  repeat  the 
process  at  least  twice.     After  the  last  washing  drain  off  as  much 
of  the  water  as  possible. 

Mix  the  washed  mercurous  sulphate  with  the  zinc  sulphate 
solution,  adding  sufficient  crystals  of  zinc  sulphate  from  the  stock 
bottle  to  ensure  saturation,  and  a  small  quantity  of  pure  mercury. 
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Shake  these  up  well  together  to  form  a  paste  of  the  consistence 
of  cream.  Heat  the  paste  sufficiently  to  dissolve  the  crystals,  but 
not  above  a  temperature  of  30°  C.  Keep  the  paste  for  an  hour  at 
this  temperature,  agitating  it  from  time  to  time,  then  allow  it  to 
cool.  Crystals  of  zinc  sulphate  should  then  be  distinctly  visible 
throughout  the  mass ;  if  this  is  not  the  case,  add  more  crystals 
from  the  stock  bottle,  and  repeat  the  process. 

This  method  insures  the  formation  of  a  saturated  solution  of 
zinc  and  mercurous  sulphates  in  water. 

The  presence  of  the  free  mercury  throughout  the  paste  pre- 
serves the  basicity  of  the  salt,  and  is  of  the  utmost  importance. 

Contact  is  made  with  the  mercury  by  means  of  a  platinum 
wire  about  No.  22  gauge.  This  is  protected  from  contact  with  the 
other  materials  of  the  cell  by  being  sealed  into  a  glass  tube.  The 
ends  of  the  wire  project  from  the  ends  of  the  tube ;  one  end  forms 
the  terminal,  the  other  end  and  a  portion  of  the  glass  tube  dip 
into  the  mercury. 

To  set  up  the  Cell 

The  cell  may  conveniently  be  set  up  in  a  small  test  tube  of 
about  2  cm.  diameter,  and  6  or  7  cm.  deep.  Place  the  mercury  in 
the  bottom  of  this  tube,  filling  it  to  a  depth  of,  say,  1  '5  em.  Cut  a 
cork  about  *5  cm.  thick  to  fit  the  tube ;  at  one  side  of  the  cork 
bore  a  hole  through  which  the  zinc  rod  can  pass  tightly ;  at  the 
other  side  bore  another  hole  for  the  glass  tube  which  covers  the 
platinum  wire ;  at  the  edge  of  the  cork  cut  a  nick  through  which 
the  air  can  pass  when  the  cork  is  pushed  into  the  tube.  Pass  the 
zinc  rod  about  1  cm.  through  the  cork. 

Clean  the  glass  tube  and  platinum  wire  carefully,  then  heat 
the  exposed  end  of  the  platinum  red  hot,  and  insert  it  in  the 
mercury  in  the  test  tube,  taking  care  that  the  whole  of  the  exposed 
platinum  is  covered. 

Shake  up  the  paste  and  introduce  it  without  contact  with  the 
upper  part  of  the  walls  of  the  test  tube,  filling  the  tube  above  the 
mercury  to  a  depth  of  rather  more  than  2  cm. 

Then  insert  the  cork  and  zinc  rod,  passing  the  glass  tube 
through  the  hole  prepared  for  it.  Push  the  cork  gently  down 
until  its  lower  surface  is  nearly  in  contact  with  the  liquid.  The 
air  will  thus  be  nearly  all  expelled,  and  the  cell  should  be  left  in 
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this  condition  for  at  least  twenty-four  hours  before  sealing,  which 
should  be  done  as  follows  : — 

Melt  some  marine  glue  until  it  is  fluid  enough  to  pour  by  its 
own  weight,  and  pour  it  into  the  test  tube  above  the  cork,  using 
sufficient  to  cover  completely  the  zinc  and  soldering.  The  glass 
tube  should  project  above  the  top  of  the  marine  glue. 

The  cell  thus  set  up  may  be  mounted  in  any  desirable 
manner.  It  is  convenient  to  arrange  the  mounting  so  that  the 
cell  may  be  immersed  in  a  water  bath  up  to  the  level  of,  say,  the 
upper  surface  of  the  cork.  Its  temperature  can  then  be  de- 
termined more  accurately  than  is  possible  when  the  cell'is  in  air. 


NINETEENTH   REPORT—  EDINBURGH,    1892. 

THE  work  of  testing  resistance  coils  at  the  Cavendish  La- 
boratory has  been  continued.  The  Committee  have  ceased  issuing 
standards  in  terms  of  the  legal  ohm  of  the  Paris  Congress.  Most 
of  the  coils  tested  are  ohms  as  defined  by  the  resolutions  of  the 
Committee  and  the  Electrical  Standards  Committee  of  the  Board 
of  Trade  (see  "  B.A.  Reports,"  1890  and  1891).  According  to  these 

1  B.A.  unit  =    '9866  ohm., 

1  ohm          =  1-01358  B.A.  unit. 

Four  ohm  coils  constructed  by  Messrs  Elliott  Bros,  for  the 
Board  of  Trade,  one  of  which  is  to  be  selected  as  the  legal  unit 
of  resistance  for  the  United  Kingdom,  were  tested  very  carefully. 
Some  fourteen  or  fifteen  comparisons  were  made  for  each  coil  at 
temperatures  between  9°  and  18°  C.  between  June  1891  and  January 
1892.  The  coils  were  compared  directly  with  the  B.A.  unit  "Flat,"" 
the  difference  being  expressed  in  terms  of  the  bridge  wire  ;  while 
in  another  series  of  observations  a  coil  of  resistance,  100  ohms, 
was  put  in  multiple  arc  with  the  ohm  standard  and  the  difference 
between  "Flat"  and  the  combination  found  ;  in  this  case  the  length 
of  the  bridge  wire  used  was  small,  and  the  possible  error  arising 
from  uncertainty  as  to  its  exact  temperature  was  avoided.  That 
this  error  was  very  small  was  proved  by  the  fact  that  the  two  sets 
of  observations  gave  practically  identical  results.  The  following 
are  the  results  :  — 
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In  the  case  of  two  of  the  coils,  Nos.  261  and  263,  there  was 
one  observation  for  each  which  differed  from  the  value  given  by 
the  above  formula  by  '00015  ohm,  and  this  was  due  to  the  fact 
that  the  ends  of  the  coils  had  got  dirty  and  needed  reamalga- 
mation.  None  of  the  other  errors  in  the  sixty  observations 
exceeded  '00008  ohm,  and  there  were  only  eight  which  were  as 
B.  A.  28 
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great  as  '00005.  Thus  the  resistances  of  these  coils  are  known  in 
terms  of  the  B.A.  standards  to  a  very  high  degree  of  accuracy. 

During  the  year  Messrs  Elliott  Bros,  have  supplied  the 
Committee  with  two  1-ohm  and  two  10-ohm  standards ;  the  tests 
of  these  are  in  progress ;  two  100-ohm  standards  are  on  order. 
Messrs  Nalder  Bros,  are  also  constructing  some  standards.  The 
Fleming  bridge  belonging  to  the  Association  has  been  put  into 
thorough  repair;  the  mercury  had  damaged  some  of  the  copper 
connecting  pieces. 

The  Secretary  and  Mr  Skinner  have  continued  during  the  year 
their  experiments  with  Clark  cells.  These  have  been  communi- 
cated to  the  Royal  Society,  and  the  paper  is  being  printed  in  the 
Phil.  Trans. 

They  find  that  the  E.M.F.  of  their  standard  cell  is  T4342  volt 
at  15°  C.,  while  cells  set  up  by  Lord  Rayleigh  in  1883,  1884, 
Mr  Elder  in  1886,  Mr  Callendar  in  1886,  Dr  Muirhead  in  1890, 
Dr  Kahle  of  Berlin,  Dr  Schuster,  Mr  Wilberforce,  Mr  Griffiths, 
and  themselves  in  1891  and  1892  agree  closely,  the  variations 
among  them  all  being  very  rarely  greater  than  '0005  volt. 

During  the  Edinburgh  meeting  the  Committee  were  honoured 
with  the  presence  of  Dr  von  Helmholtz,  M.  Guillaume  of  Paris, 
Professor  Carhart  of  the  United  States,  Dr  Lindeck  and  Dr  Kahle 
of  the  Berlin  Reichsanstalt.  These  gentlemen  came  by  invitation 
to  consider  the  question  of  establishing  identical  electric  standards 
in  various  countries,  and  two  meetings  of  the  Committee  were 
held,  at  which  discussions  took  place.  Major  Cardew,  of  the  Board 
of  Trade,  was  present,  and  took  part  in  the  discussion.  Dr  von 
Helmholtz  drew  special  attention  to  the  need  for  having  a  unit  of 
resistance  defined  in  terms  of  a  specified  column  of  mercury,  and 
pointed  out  that  the  difficulty  arising  from  the  uncertainty  of  the 
relation  between  the  centimetre  and  the  gramme  might  be  avoided 
by  defining  the  mass  of  mercury  column  of  given  length,  which 
has  a  resistance  of  one  ohm.  After  discussion  the  following  reso- 
lutions were  agreed  to : — 

1.  That  the  resistance  of  a  specified  column  of  mercury  be 
adopted  as  the  practical  unit  of  resistance. 

2.  That  14*4521  grammes  of  mercury  in  the  form  of  a  column 
of  uniform  cross  section  106'3  cm.  in  length  at  0°  C.  be  the  specified 
column. 

3.  That  standards  in  mercury  or  solid  metal  having  the  same 
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resistance  as  this  column  be  made  and  deposited  as  standards  of 
resistance  for  industrial  purposes. 

4.  That  such  standards  be  periodically  compared  with  each 
other,  and  also  that  their  values  be  redetermined  at  intervals  in 
terms  of  a  freshly  set  up  mercury  column. 

It  was  further  agreed  that  these  resolutions  should  be  com- 
municated to  the  Electrical  Standards  Committee  of  the  Board 
of  Trade. 

With  regard  to  the  unit  of  current  and  of  electromotive  force, 
it  was  agreed  that  the  number  '001118  should  be  adopted  as  the 
number  of  grammes  of  silver  deposited  per  second  from  a  neutral 
solution  of  nitrate  of  silver  by  a  current  of  1  ampere,  and  the  value 
1*434  as  the  electromotive  force  in  volts  of  a  Clark  cell  at  15°  C. 

Dr  von  Helmholtz  expressed  his  full  concurrence  in  these 
decisions,  which  are,  as  he  informed  the  Committee,  in  accord  with 
the  recommendations  which  have  already  been  laid  by  the  Cura- 
torium  of  the  Reichsanstalt,  as  well  as  by  himself,  before  the 
German  Government. 

The  Committee  wish  to  place  on  record  their  thanks  to  Dr  von 
Helmholtz  and  the  other  visitors  for  the  help  they  have  afforded 
them  in  coming  to  so  satisfactory  a  conclusion. 

Dr  Lindeck  laid  before  the  Committee  some  information  as  to 
the  properties  of  the  manganese  alloy  used  at  the  Reichsanstalt 
for  resistance  coils  (see  Appendix  IV.),  and  it  was  agreed  that  it 
was  desirable  to  obtain  copies  of  the  German  standards  in  man- 
ganese for  further  comparison  with  the  standards  of  the  Association. 
The  Committee  therefore  recommend  that  they  be  reappointed, 
with  the  addition  of  the  name  of  Mr  George  Forbes,  and  with  a 
grant  of  £25,  including  an  unexpended  balance  of  £10;  that 
Professor  G.  Carey  Foster  be  Chairman,  and  Mr  R.  T.  Glazebrook, 
Secretary. 

APPENDIX  I. 

Information  circulated   by  the  Secretary  for  the  Meeting  of  the 
Committee  on  August  4,  1892,  with  additional  Notes. 

The  Report  of  the  Electrical  Standards  Committee  of  the 
Board  of  Trade  is  printed  in  the  "  B.A.  Report"  for  1891. 
Further  information  as  to  the  values  of  the  units  is  given  in  the 
"  B.A.  Report "  for  1890.  The  following  summary  may  be  of 

use : — 
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The  Board  of  Trade  Committee  recommended  for  adoption  the 
values  -9866  and  106'3. 

The  specific  resistance  of  mercury  in  ohms  is  thus 

•9407  xlO-V 

Also  1  Siemens'  unit  =    '9407  ohm 

=    '9535  B.A.U. 
1  ohm  =  1-01358  B.A.U. 

The  results  found  by  Lord  Rayleigh  were  reduced  by  the  use 
of  the  value  for  the  specific  resistance  of  mercury  in  B.A.  units 
found  by  him.  If  instead  we  use  the  value  '9535,  the  mean  of 
the  best  determinations,  we  have,  as  in  the  table,  for  the  length 
of  the  mercury  column  having  a  resistance  of  1  ohm  the  values 
106-27  and  106'31.  At  the  meeting  of  the  Committee  M. 
Guillaume  stated  that  a  correction  should  be  made  to  M.  Wuilleu- 
meier's  value,  which  would  raise  it  to  106'31.  This  arose  from 
some  uncertainty  as  to  the  correction  required  to  the  resistance  of 
mercury  for  change  of  temperature  on  which  M.  Guillaume  had 
been  working  lately.  Taking  these  corrections  we  arrive  at  106*31 
as  the  mean  of  the  above. 

2.     The  Electrolysis  of  Silver. 

The  following  values  have  been  found  for  the  mass  of  silver 
deposited  from  a  solution  of  silver  nitrate  in  one  second  by  a 
current  of  one  ampere  : — 

Mascart,  J.  de  Physique,  iii.  1884...         -0011156 

Rayleigh,  Phil.  Trans,  ii.  1884       -0011179 

Kohlrausch,  Wied.  Ann.  xxvii.  1886 -0011183 

T.  Gray,  Phil.  Mag.  xxii.  1886       about  -001118 

Potier  et  Pellat,  J.  de  Physique,  ix. -1890  ...  -0011192 

Dr  Schuster  has  shown  (Proc.  R.  S.  1.  1892)  that  the  amount 
of  silver  deposited  when  the  voltameter  is  in  a  vacuum  is  about 
*04  per  cent,  greater  than  when  it  is  in  air. 

3.     Clark  Cells. 

The  following  values  have  been  found  for  the  E.M.F.  of  a  Clark 
cell  at  15°  C.  They  have  been  reduced  from  those  given  in  the 
original  papers  on  the  supposition  that  1  B.A.U.  =  '9866  ohm,  and 
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that  the  mass  of  silver  deposited  per  second  per  ampere  is  '001118 
gramme : — 

Kayleigh,  Phil  Trans,  ii.  1884       1-4345  Volt 

Carhart 1-4340    „ 

Kahle,  Zeitschrift  fur  Instrumentenkunde,  1892  ...  1-4341     „ 

Glazebrook  and  Skinner,  Proc.  R.  8.  li.  1892     ...  1'4342    „ 

A  comparison  has  been  made  between  the  standards  of  the 
Association  and  the  Berlin  standards  through  a  Clark  cell  and  a 
resistance  coil  belonging  to  Dr  Schuster.  By  the  kindness  of 
Dr  von  Helmholtz  the  Secretary  is  able  to  communicate  the 
results  of  a  direct  comparison  between  the  two  sets  of  standards 
to  the  meeting  (see  Appendix  VIII.). 


APPENDIX  II. 

On  the  Change  of  Resistance  of  Mercury  with  Temperature. 
By  M.  G.  GUILLAUME. 

At  the  meeting  of  the  Committee  M.  Guillaume  communicated 
the  results  of  his  determination  of  the  relation  between  the 
resistance  of  mercury  and  the  temperature.  Great  precautions 
were  taken  with  the  view  of  ensuring  that  the  whole  of  the 
mercury  in  the  tube  should  be  at  the  temperature  of  the  bath. 

Two  series  of  determinations  with  different  arrangements  in 
the  bridge  were  made.  The  results  of  these  two  series  give  for 
the  resistance  of  mercury  in  a  glass  tube  in  terms  of  the  tempera- 
ture the  values — 

(a)    Et  =  £0  (1  +  -0008802327  +  -0000010063272) ; 
(6)     Et  =  -R0  (1  +  '00088157T  +  «0000009909r2). 
And  for  the  specific  resistance  of  mercury  the  values — 

(a)  Pt  =  Po  (1  +  -00088745  T  +  -000000181T2) ; 

(b)  pt  =  p9  (1  +  -00088876r  +  -0000010022T2). 

In  the  formulae  T  is  the  temperature  reckoned  from  freezing-point 
by  the  air-thermometer.  According  to  Mascart,  de  Nerville,  and 
Benoit — 

Et  =  #o  (1  +  '0008649T  +  -00000112772) ; 

while  according  to  Strecker — 

Et  =  R,  (1  +  -00090027  +  -00000045  T2). 
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APPENDIX  III. 
On  a  Special  Form  of  Clark  Cell.    By  Professor  H.  J.  CARHART. 

Portability. — Standard  cells  must  be  portable  in  order  to  make 
them  serviceable  for  general,  technical,  and  scientific  purposes. 
To  secure  portability  I  have  adopted  the  following  construction : 
Into  the  bottom  of  a  glass  tube  J  in.  x  2J  in.  is  sealed  a  platinum 
wire.  In  filling  pure  distilled  mercury  is  first  poured  into  the 
tube.  On  this  is  placed  the  mercurous  sulphate  paste.  A  tightly 
fitting  cork  diaphragm  is  then  pushed  down  firmly  upon  the 
paste.  Some  zinc  sulphate  solution  is  then  poured  in,  and  a  zinc 
rod  is  immersed  in  this  solution,  its  lower  end  touching  the  cork. 
The  tube  is  then  securely  sealed.  Such  a  cell  is  perfectly 
portable,  and  may  be  sent  by  post  without  disturbance  to  its 
contents. 

Temperature-Coefficient. — It  is  well  known  that  an  increase  in 
the  density  of  the  zinc  sulphate  solution  decreases  the  E.M.F.  of 
a  Clark  cell.  This  effect  is  included  in  the  temperature-coefficient 
of  a  Clark  cell  containing  crystals  of  zinc  sulphate,  since  some  of 
the  crystals  dissolve  when  the  temperature  rises  and  the  density 
increases.  When  the  temperature  falls  recrystallisation  occurs. 
To  avoid  the  change  in  E.M.F.  due  to  this  change  in  density  I  have 
preferred  to  use  a  solution  saturated  at  0°  C.  Such  a  solution 
I  have  found  to  have  a  specific  gravity  of  T397  at  20°  C.  The 
E.M.F.  of  the  cell  is  then  1'44  volt  if  the  Clark  cell  as  made  by 
Lord  Rayleigh  be  taken  as  1'434  volt. 

The  temperature-coefficient  may  be  written  as  follows : — 

Et  =  E15  {I  -  -000386  (t  - 15)  +  '0000005  (t  - 15)2}, 
or  per  degree  the  coefficient  is 

-•000387  +  -000001(4- 15). 

This  is  almost  exactly  half  the  value  usually  obtained  for  the 
Clark  cell  with  crystals. 

A  cell  made  with  such  a  solution  has  the  advantage  that  it 
reaches  its  equilibrium  quickly  after  a  change  of  temperature. 
Cells  made  in  the  old  way  require  time  for  the  process  of  crystal- 
lisation and  for  diffusion. 
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APPENDIX  IV. 

On  Wire  Standards  of  Electrical  Resistance.  By  Dr  ST  LINDECK, 
Assistent  bei  der  Physikalisch-Technischen  Reichsanstalt, 
Charlottenburg,  Berlin. 

It  is  well  known  that  electrical  resistances  made  out  of  the  alloys 
generally  used  for  this  purpose,  as  German-silver,  nickelin,  etc., 
change  their  value  in  the  course  of  time,  and  this  in  a  degree  which 
cannot  be  allowed  in  measurements  meant  to  be  afc  all  accurate. 
Such  a  variation  is  naturally  the  greater  the  more  unstable  the 
material  and  the  shorter  the  time  elapsed  since  winding. 

The  following  is  a  short  account  of  the  researches  conducted 
in  the  Physikalisch-Technischen  Reichsanstalt  in  Charlottenburg 
on  this  subject  by  Dr  Feussner  and  myself.  That  investigation 
had  to  be  undertaken  specially,  as  it  is  one  of  the  duties  of  the 
Electrotechnical  Laboratory  of  this  institution  to  secure  that 
reliable  standards  of  resistance  may  be  obtainable  by  electricians. 

We  found  by  preliminary  experiments  that  by  more  or  less 
continued  heating  a  coiled  wire  showed  an  interesting  variation  of 
its  resistance,  which  led  to  a  systematic  investigation  of  the  whole 
question*. 

For  different  materials  we  determined : — 

1.  The  chemical  composition,  the  temperature-coefficient,  and 
the  specific  resistance  of  the  material. 

2.  The  variation  of  resistance  through  the  strain  produced 
by  winding. 

3.  The   time- variation    during    the    period    subsequent    to 
winding. 

4.  The  influence  of  heating  to  different  temperatures. 

A  piece  of  the  double  silk-covered  wire  was  wound  on  a 
wooden  bobbin  and  its  ends  soldered  to  thick  copper  bars.  The 
bobbin  was  placed  directly  in  a  petroleum  bath,  in  order  to  deter- 
mine exactly  the  temperature,  and  its  resistance  was  accurately 
measured  by  a  Wheatstone's  bridge  arrangement.  As  regards 
the  variation  of  resistance  through  winding,  it  was  observed  that 

*  Some  of  the  results  here  quoted  as  to  the  influence  of  stress  and  of  a  moderate 
rise  of  temperature  were  previously  arrived  at  by  Dr  T.  Klementnc  (Sitz.-Ber.  Wien- 
Akad.  97,  1888). 
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the  resistance  of  all  kinds  of  wire  increased  by  winding,  as  would 
be  expected,  the  increase  being  more  pronounced  for  a  given 
gauge  of  wire  the  less  the  bobbin's  diameter.  This  increase  is 
due  to  a  mechanical  hardening  of  the  wire  by  strain,  and  it  is 
well  known  that  the  resistance  of  any  metal  is  less  in  the  annealed 
state  than  in  the  hardened  condition.  At  the  same  time  an  elonga- 
tion can  hardly  be  avoided,  especially  with  thin  wires,  also  causing 
an  increase  of  resistance.  As  the  gauge  of  the  wires  generally  was 
1  mm.,  this  second  cause  was  of  secondary  importance. 

In  the  first  place  we  investigated  a  German-silver  alloy  which 
the  firm  of  Siemens  and  Halske  in  Berlin  used  for  standards  at 
that  time.  It  appeared  that  the  increase  of  resistance  through 
winding  could  amount  to  1  per  cent.,  and  that  the  time-variation 
during  the  following  months  was  very  considerable ;  the  latter 
showed  itself  always  as  an  increase  of  resistance.  Another  re- 
markable circumstance  is  the  further  increase  of  resistance 
(amounting  to  a  few  tenths  per  cent.)  by  heating  such  a  wire  for 
several  hours  at  about  100°  C. 

It  might  be  supposed  that  the  wire  would  be  annealed  by  the 
effect  of  the  high  temperature,  and  that  its  resistance  would 
therefore  decrease.  But  our  extensive  investigations  gave  the 
important  result  that  heating  causes  an  increase  of  resistance  in 
all  alloys  containing  zinc  to  any  considerable  amount.  On  the 
other  hand,  all  alloys  examined  containing  no  zinc  show  a  decrease 
of  resistance  under  the  same  conditions.  The  increase  of  resistance 
by  winding  is  also  much  more  pronounced  with  alloys  containing 
zinc  than  with  those  in  which  this  metal  does  not  occur.  All  this 
seems  to  point  out  that  in  the  former  alloys  changes  of  structure 
go  on,  which  are  accelerated  by  any  kind  of  stress  or  by  variations 
of  temperature,  and  always  tend  to  increase  the  resistance.  These 
changes  of  structure  also  become  apparent  by  the  time-variations, 
which  occur  when  the  resistance  coil  is  left  to  itself.  The  latter 
observations  are  in  perfect  agreement  with  what  was  found  by 
former  observers  on  the  time-variation  of  German-silver.  The 
interesting  result  was  then  arrived  at,  that  the  time-variation 
would  be  much  accelerated  by  heating  the  resistance  at  a  high 
temperature,  say  100°  C.,  for  a  few  hours.  Within  two  months 
after  winding,  the  period  in  which  German-silver  varies  most, 
variations  could  not  be  shown  within  the  errors  of  observation  in 
wires  treated  in  the  manner  described.  During  longer  periods, 
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say  one  or  two  years,  variations  would  still  occur,  even  with  an- 
nealed German-silver  coils.  But  they  hardly  reach  the  tenth  part 
of  those  occurring  when  this  process  has  not  been  gone  through. 

The  following  table  shows  the  results  of  one  of  the  experi- 
ments with  two  wires  of  German-silver  (60  per  cent.  Cu;  25'4 
per  cent.  Zn ;  14*6  per  cent.  Ni),  the  specific  resistance  of  this 

material  being  30  microhms  per  — 5,  and  its  temperature-coeffi- 
cient 0'036  per  cent,  per  degree  Centigrade.  In  both  cases  the 
wire  (1  mm.  in  thickness)  was  wound  on  a  bobbin  of  10  mm. 
diameter.  The  wire  marked  I.  was  left  to  itself  after  winding, 
whereas  the  wire  II.  was  annealed  after  winding  by  heating  it  to  a 
temperature  of  90°  Centigrade  during  three  hours.  The  resistance 
of  each  was  measured  at  intervals  of  nearly  two  months  from  time 
to  time. 

TABLE  II. — German-silver. 


I.  (not  annealed  after  winding) 

II.  (annealed  after  winding) 

Date 

|d~ 

tc  §  Q 

Kemarks 

Date 

Cw    O           <H 

Remarks 

JtS.9 

M     •**      fl 

1889 

1889 

13/11. 

2-2460 

, 
Before  winding 

13/11. 

2-2470 

Before  winding 

14/11. 

2-2594 

After  winding.  Increase 
through  winding,  0*60 

14/11. 

2-2666 

After  winding.  Increase 
through  winding,  0'87 

per  cent. 

per  cent. 

15/11. 

2-2597 

— 

15/11. 

2-2733 

After  heating  to  90°  C. 

during   three  hours; 

increase  through  heat- 

ing, 0-29  per  cent. 

16/11. 

598 

— 

16/11. 

732 

— 

22/11. 

603 

— 

22/11. 

733 



4/1IL 

608 

— 

4/IIL 

734 

— 

19/IIL 

612 

— 

19/IIL 

729 

Temperature  changed 

6/IV. 

615 

Time-  variation  in  two 

6/IV. 

732 

during  the  measurement 
Time-variation  in  two 

months,  0409  per  cent. 

months,     practically 

nothing 

i 

The  above  table  shows  clearly  that  annealing  a  wire  after 

winding  has  a  very  good  effect  on  the  constancy  of  the  resistance. 

Quite    analogous    results    were    obtained    with    other    alloys 
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containing  zinc,  e.g.,  nickelin,  which  has  been  much  used  for 
standards  in  Germany.  The  less  the  percentage  of  zinc,  the  less 
became  the  above-mentioned  variations  of  resistance. 

As  these  zinc-containing  alloys  showed  themselves  so  unreliable, 
we  extended  our  investigations  to  other  alloys. 

A  few  years  ago  the  firm  of  Siemens  and  Halske  in  Berlin 
made  use  of  an  alloy  on  account  of  its  comparatively  low  tempera- 
ture-coefficient (0'02  per  cent,  per  1°  C.),  called  patent-nickel. 
This  was  tested  in  the  Reichsanstalt  in  the  same  way  as  the  other 
alloys.  It  contains  about  25  per  cent,  of  nickel  and  75  per  cent, 
of  copper.  The  experiments  gave  the  following  results: — 

1.  The  variations  of  resistance  by  winding  are  considerably 
less  for  this  material  than  with  alloys  containing  an  appreciable 
amount  of  zinc. 

2.  Heating  produces  a  decrease  of  resistance ;  this  decrease 
is  sometimes  greater  than  the  increase  by  winding,  because  the 
hardening  produced  by  drawing  the  wire  is  also  diminished.    There 
is,  however,  not  the  slightest  evidence  for  a  change  of  molecular 
structure. 

Materials  with  such  properties  are  evidently  much  more 
appropriate  for  the  construction  of  standard  resistances.  It  was, 
indeed,  found,  by  comparison  with  mercury  resistances,  that  coils 
of  "  patent-nickel,"  which  had  been,  as  we  call  it,  artificially  aged 
by  heating  at  about  140°  C.,  have  remained  constant  for  two  years 
within  a  few  thousandths  per  cent.  In  the  following  table,  for 
instance,  are  stated  the  differences  of  two  patent-nickel  standards 
of  1  ohm  (No.  22  and  No.  23),  as  observed  at  different  times : — 

TABLE  III. 


Difference  of 

Difference  of 

Date         No.  23  -  No.  22 

Date 

No.  23  -  No.  22 

in  Ohms 

in  Ohms 

1890 

1891 

21/VI. 

0-00012 

9/V. 

0-00009 

11/VII. 

11-5 

30/VII. 

10 

25/XI. 

11-5 

1892 

1891 

l/III. 

87 

29/1. 

10 

21/V. 

9-5 

2/V. 

8 

19/VII. 

9-4 
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On  the  other  hand,  from  comparisons  of  the  sum  of  No.  22  and 
No.  23  with  four  different  mercury  standards  (I.,  II.,  III.,  and  IV., 
each  of  about  1  ohm),  I  proved  that  the  absolute  values  of  the  two 
standards  had  remained  constant  within  the  errors  of  observation, 
as  the  following  numbers  show  : — 

TABLE  IV. 


Date 

Values  of  No.  23  at  20°  C.  deduced  from  Comparisons  of 
No.  22  +  No.  23  with  the  Mercury  Standards 

II.  +  III. 

I.  +  III. 

III.  +  IV. 

I.  +  IV. 

I.  +  11. 

Nov.  1890... 

0-99990 

0-99986 

0-99988 

Feb.  1891... 

0-99989 

88 

— 





June  1892... 

85 

88 



— 

0-99986 

July  1892... 

89 

89 

— 

— 

89 

The  "  patent-nickel "  would  therefore  be  a  material  well  fitted 
for  resistance-coils.  A  large  number  of  alloys  were  also  examined, 
consisting  of  nothing  but  nickel  and  copper.  An  alloy  containing 
about  equal  amounts  of  each  metal  was  found  to  have  an  ex- 
tremely small  temperature-coefficient,  the  latter  amounting  to 
about  0'003  per  cent,  per  degree  Centigrade  as  against  0'02  per 
cent,  for  patent-nickel.  Unfortunately,  however,  the  thermo-electric 
effect  of  these  alloys  against  copper  is  very  high.  For  the  alloy 
just  mentioned  (consisting  of  50  per  cent.  Cu  and  50  per  cent.  Ni, 
called  "  constantan ")  it  amounts  to  nearly  forty  microvolts  per 
degree  Centigrade,  considerably  surpassing  the  thermo-electro- 
motive  force  of  most  of  the  usual  thermo-j unctions,  like  iron — 
German-silver,  for  instance.  This  high  thermo-electric  effect 
evidently  constitutes  a  considerable  drawback,  as  the  connecting 
pieces  have  to  be  made  of  copper. 

On  the  whole  our  experience  has  led  us  to  the  conclusion  that 
for  standards  such  alloys  do  best  which,  besides  copper  and  nickel, 
also  contain  manganese.  A  few  years  ago  Mr  Weston,  of  Newark, 
U.S.A.,  discovered  that  alloys  containing  manganese  possess  a 
very  small  temperature-coefficient,  and  that  it  is  even  possible 
to  obtain  metals  with  negative  temperature-coefficient  in  this 
way.  I  am  not  aware  how  far  this  discovery  has  been  practically 
taken  advantage  of  in  the  United  States.  After  hearing  of 
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Weston's  observations  the  further  investigation  of  manganese 
alloys  was  taken  up  at  the  Reichsanstalt,  and  we  obtained  very 
interesting  results. 

The  alloy,  which  is  now  being  regularly  manufactured  and 
brought  out  under  the  name  of  manganin,  consists  of  84  per  cent, 
of  copper,  12  per  cent,  of  manganese,  and  about  4  per  cent,  of 
nickel.  As  the  observations  made  by  me  for  the  last  two  years  in 
the  Reichsanstalt  have  shown,  this  is  a  most  appropriate  material 
for  standard  resistances. 

The  general  character  of  the  resistance- variations  of  manganin 
with  temperature  maybe  best  understood  from  the  diagram  (fig.  1), 
in  which  temperatures  are  taken  for  abscissae,  and  the  resistances 
of  a  hundred-ohm  standard  are  plotted  as  ordinates.  In  this  case 
up  to  40°  C.  the  temperature-coefficient  is  positive,  the  absolute 
value,  however,  being  very  small,  as  the  following  table  of  the 
mean  linear  coefficients  between  the  temperatures  stated  in  the 
first  column  shows: — 

TABLE  V. 


Range  of 

Mean 

Range  of 

Mean 

•Temperature 

Linear  T.C. 

Temperature 

Linear  T.C. 

10°  to  20° 

+  25xlO-6 

45°  to  50° 

-IxlO-6 

20   „    30 

+  14      „ 

50   „    55 

-2      „ 

30   „    35 

+   4      „ 

55   „    60 

~4      „ 

35   „    40 

+   3      „ 

60   „    65 

-5      „ 

40   „    45 

+    1      „ 

For  most  purposes  the  variability  of  resistance  with  tempera- 
ture may  now,  indeed,  be  quite  neglected.  As  a  matter  of  fact, 
very  elaborate  and  sensitive  methods  are  required  to  demonstrate 
the  existence  of  any  temperature-coefficient  at  all.  On  raising 
the  temperature  beyond  50°  C.  the  resistance  attains  a  maximum, 
thence  to  diminish  again.  In  this  latter  part  of  the  curve  we 
therefore  actually  have  a  negative  temperature-coefficient. 

In  order  to  show  that  at  the  same  temperature  the  resistance 
always  returns  to  the  same  value — in  other  words,  that  there  is  no 
hysteresis  in  the  relation  between  those  two  quantities,  some 
points  of  the  curve  were  determined  with  temperatures  descending 
from  70°  C.,  whereas  others  were  obtained  with  ascending  tem- 
perature. This  process  was  repeated  several  times.  The  spots 
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marked  ^  correspond  to  descending,  the  spots  marked  J*  to 
ascending  temperature,  and  the  points  belonging  to  the  same 
series  of  observations  have  the  same  sign.  All  points  are  ex- 
tremely close  to  the  same  continuous  curve,  and  it  is  quite  obvious 
that  this  curious  behaviour  is  a  constant  physical  quality  of  the 
material.  Of  course  such  a  resistance-coil  must  have  been 
artificially  aged  before  the  beginning  of  the  observations ;  it  was 
indeed  heated  during  five  hours  at  a  temperature  of  about  140°  C. 
Otherwise,  as  I  mentioned  before,  a  progressive  process  of  decrease 
of  resistance  through  annealing  would  superpose  upon  the  regular 


Fig.  1. 


variation  of  resistance  according  to  the  curve.  It  is  true  that  this 
maximum  resistance-point  does  not  always  occur  at  exactly  the 
same  temperature  for  wires  of  different  size ;  it  is  well  known  that 
the  electrical  constants  of  all  resistance  alloys  change  slightly  with 
the  gauge  of  the  wire.  But  it  is  also  true  that  the  maximum 
resistance-point  of  manganin  of  a  thicker  size — say  1  mm. — 
occurs,  as  a  rule,  at  about  30°  C.,  and  so  at  ordinary  temperatures 
the  temperature-coefficient  is  even  less  than  for  this  particular 
specimen  of  wire. 

The  material  is  very  soft,  and  can  be  drawn  to  the  finest 
gauges ;    but  it  must  not   be   annealed  in  free  air,  because  the 


mang 
woulc 
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manganese  then  would  oxidise,  and  the  qualities  of  the  material 
would  be  altered.  Thus  it  is  not  possible  to  buy,  for  instance,  a 
wire,  say  1  mm.  thick,  and  to  draw  it  down  to  the  required  gauge 
without  taking  proper  precautions. 

In  concluding,  I  will  very  briefly  refer  to  the  construction  of 
our  wire-standards — for  instance,  to  a  standard  of  one  ohm 
(fig.  2)*. 

Fig.  2. 


The  double  silk-covered  wire  is  wound  on  a  metal  bobbin,  b  6, 
which  is  previously  covered  with  a  thin  piece  of  silk,  coated  with 
shellac  varnish  and  heated,  in  order  to  secure  good  insulation. 
The  bobbin  can  be  screwed  to  the  ebonite  disc  d,  but  it  is  not 
fixed  to  it  before  the  accurate  adjustment  of  the  resistance.  The 
resistance  of  the  wire  must  be  1 — 2  per  cent,  larger  than  one  ohm 
to  begin  with;  then  it  is  wound  on  the  bobbin,  heavily  coated 
with  shellac  varnish,  and  heated  in  an  air-bath  at  a  temperature 
of  140°  C.  during  about  five  hours.  By  this  procedure  we  obtain, 

*  See  Dr  K.  Feussner,  Zeitschrift  fiir  Instrumentenkunde,  1890,  p.  6. 
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as  already  stated,  very  constant  resistances ;  further,  the  shellac  is 
melted  at  this  temperature,  and  becomes  after  cooling  a  hard, 
highly  insulating  mass,  which  at 
the  same  time  protects  the  wire 
against  any  chemical  action. 

To  the  ends  of  the  wire  are 
previously  soldered  with  silver  two 
small  copper  rings.  The  exact 
adjustment  is  made  by  means  of 
a  fine  wire-resistance,  /,  of  100 — 
200  ohms  put  in  multiple  arc  with 
the  thick  wire.  A  comparatively 
great  length  of  this  fine  wire 
corresponds  to  a  very  small  change 
of  the  whole  resistance,  and  so  it 
may  be  easily  adjusted  to  a  few 
thousandths  per  cent.  Then  the 
small  rings  at  the  ends  of  the  two 
wires  are  screwed  together  and 
soldered  to  the  stout  connecting 
pieces,  pp.  A  wide  brass  case, 
c  c,  serves  to  protect  the  wire. 

In  taking  observations  the  re- 
sistance is  put  in  an  oil-bath 
(fig.  3);  the  temperature  of  the 
wire  may  then  easily  be  deter- 
mined, and  besides  that,  there  cannot  exist  any  therjno- electric 
force  between  the  two  solderings.  It  is  a  matter  of  fact  that  the 
thermo-electric  force  of  manganin  against  copper  is  very  small 
indeed;  it  amounts  only  to  1'5  microvolt  for  1°C. ;  the  corre- 
sponding value  for  other  resistance  materials  is  generally  20 — 30 
microvolts.  We  see  that  even  in  this  respect  the  manganin  is 
much  preferable. 

The  construction  of  standards  of  O'l  ohm,  and,  on  the  other 
hand,  of  10,  100,  1000  ohms  and  more,  is  essentially  the  same  as 
described.  Of  course  there  is  no  multiple  arc  to  those  of  10  ohms 
and  more. 

As  to  the  constancy  of  manganin  resistances  I  will  quote  a 
few  figures.  Table  VI.  refers  to  a  resistance  which  is  used  to 
determine  the  electromotive  force  of  the  standard  Clark  cells  with 
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the  silver  voltameter.  Thus  very  often  (more  than  fifty  times)  a 
current  of  about  one -half  of  an  ampere  was  passed  through  it  for 
one  hour  each  time.  At  18°  C.  I  found  the  following  values : — 

TABLE  VI. 


])aje                Resistance  in 
Ohms 

Date 

Resistance  in 
Ohms 

6/1.     1890 
15/IV.     „ 
12/11.   1891 

2-9998 
99 

98 

22/VII.  1891 
9/IL     1892 
17/VII.    „ 

2-9996 
98 
96 

Again,  in  the  following  table  are  stated  in  microhms  the 
differences  in  the  resistance  of  four  manganin  standards  (No.  148 
to  No.  151)  of  one  ohm.  The  numbers  marked  *  were  observed 
by  Drs  Kreichgauer  and  Jager,  using  Kohlrausch's  differential 
galvanometer  method,  the  others  by  myself,  using  a  Wheatstone's 
bridge  arrangement. 

TABLE  VII. 


Dec.  1891* 

Feb.  1892 

July  1892  * 

July  1892 

Ohms 

Ohms 

Ohm? 

No.  148—  No.  149 

-  121  x  lO-6 

-  124  x  10~6 

-117  xlO-6 



—No.  150 

-135 

-135 

-129 



—No.  151 

-   80 

-   79 

-  86 



No.  149—  No.  150 

-   14 

-    15 

-   12 

-16 

—No.  151 

+   41 

+   39 

+  31 



No.  150—  No.  151 

+   55 

+   53 

+  43 

+48 

Measurements  were  also  made  of  these  standards  shortly  after 
their  construction  in  July  1891,  but  not  with  quite  the  same 
accuracy  as  the  later  ones.  Anyhow,  they  show,  in  connexion 
with  numerous  comparisons  of  the  four  coils  with  other  standards, 
which  were  checked  by  mercury  resistances,  that  the  manganin 
coils  were  constant  for  the  space  of  one  year  within  a  few 
thousandths  per  cent. 

The  patterns  referred  to  are  intended  to  be  standards  of 
resistance.  On  the  other  hand,  resistances  of  0*01,  O'OOl,  and 
even  O'OOOl  ohm  are  used  for  measuring  large  currents  up  to  a  few 
thousand  amperes  by  compensating  the  potential  difference  which 
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the  current  itself  produces  in  flowing  through  the  resistance. 
These  resistances  consist  of  manganin  plates,  which  are  soldered 
with  silver  to  stout  copper  bars.  The  dimensions  of  the  plates 
are  chosen  in  such  a  manner  that  the  value  of  the  resistance  is 
too  small  to  begin  with,  and  the  definitive  adjustment  is  arrived 
at  by  boring  small  holes  in  the  plates ;  the  latter  are  again  coated 
with  varnish  in  order  to  protect  them  against  any  chemical  action 
of  the  oil,  and  so  on.  For  uncovered  wires,  as  they  are  used,  for 
instance,  in  bridges,  or  in  technical  resistances,  the  manganin  is 
perhaps  not  so  appropriate  as  the  alloys  commonly  used.  For 
all  other  resistances,  however,  we  think  it  is  the  best  alloy 
hitherto  known,  because  it  facilitates  the  electrical  measurements, 
and  brings  them  to  a  higher  degree  of  accuracy  than  was  formerly 
attainable. 

APPENDIX  V. 
On  the  Clark  Cell*.     By  Dr  KAHLE. 

In  connexion  with  the  Report  of  the  Committee  I  beg  to  call 
your  attention  to  some  researches  I  made,  by  order  of  the 
Physico-Technical  Institute  at  Berlin,  on  Clark  cells.  The  time 
is  too  short  for  communicating  my  measuring  methods  and  results 
in  full  extent ;  I  can  only  give  you  a  short  summary  of  the  chiet 
points. 

I  used  in  my  researches  Lord  Rayleigh's  H  form,  the  positive 
electrode  being  mercury  once  distilled,  the  negative  an  amalgam 
containing  ninety  parts  of  mercury  and  ten  parts  of  zinc.  The 
last  was  poured  into  the  vessel  as  a  hot  liquid,  and  solidified  on 
the  bottom.  The  paste,  which  covers  the  positive  electrode,  is 
made  by  grinding  together  mercurous  sulphate,  mercury,  and  a 
mixture  of  crystals  and  concentrated  solution  of  zinc  sulphate. 
No  heat  was  used  in  preparing  this  paste.  The  mercurous  sulphate 
was  bought,  and  contained,  according  to  chemical  analysis,  no 
foreign  ingredients.  The  zinc  sulphate  was  made  basic  by 
boiling  with  rods  of  metallic  zinc;  after  cooling,  the  dissolved 
oxide  of  zinc  precipitates,  and  with  it  the  oxides  of  the  metals 
more  negative  than  zinc.  For  oxidising  the  ferrous  sulphate, 
which  is  always  present  in  commercial  zinc  sulphate,  a  small 

*  For  a  detailed  account  see  Zeitschrift  fur  Instrumentenkunde,  April  1892,  and 
Electrotechnische  Zeitschrift,  Heft  30,  1892. 
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current  was  sent  between  two  platinum  electrodes  through  the 
boiling  basic  solution;  the  ferrous  sulphate  was  changed  by  the 
generated  oxygen  into  ferric  oxide,  and  fell  out.  The  H  cells  set  up 
with  these  materials  showed  a  great  agreement  in  their  E.M.F.'S. 
I  never  found  a  difference  greater  than  y^^th  of  a  volt  between 
the  E.M.F.  of  any  two  of  them. 

The  next  point  I  studied  was  the  influence  of  the  impurities 
in  the  different  materials  composing  the  cell  on  the  E.M.F., 
because  on  the  one  hand  it  is  well  known  that  the  smallest 
impurity  of  the  mercury  alters  very  distinctly  the  E.M.F.,  and  on 
the  other  hand  the  mercurous  sulphate  I  bought  never  contained 
impurities  of  a  remarkable  amount,  and  different  samples  always 
had  the  same  qualities;  I  only  investigated,  as  the  most  im- 
portant matter,  the  impurities  of  the  zinc  and  its  sulphate.  It 
was  found  that  the  foreign  ingredients  of  the  zinc  sulphate  are  of 
very  little  importance,  and  that  only  the  presence  of  free  acid  in 
the  above-described  cleaning  process,  the  result  of  boiling  with 
metallic  zinc,  alters  the  E.M.F.  in  a  considerable  degree.  Among 
the  impurities  of  the  zinc  only  those  caused  by  metals  more  positive 
than  zinc  are  of  importance ;  the  zinc  may  contain  considerable 
quantities  of  the  negative  metals  without  any  alteration  of  the 
E.M.F.  I  conclude  that  the  impurities  of  the  zinc  are  of  greater 
importance.  If  we  use  it  in  the  form  of  rods  amalgamated  on  the 
surface,  it  seems  to  be  a  great  advantage  to  dissolve  the  zinc  in 
mercury,  using  it  then  as  a  solid  amalgam. 

The  following  are  the  values  I  found  by  a  great  number  of 
observations  for  the  temperature-coefficient  of  different  forms  of 
cells,  measuring  between  10°  and  30°  C.  in  rising  and  decreasing 
temperature.  The  figures  here  given  are  the  mean  values  of  some 
cells  of  the  same  form,  treated  in  the  same  manner : — 
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TABLE  VIII. 


Mean  differ- 

Mean differ- 

ence between 

ence  between 

the  E.M.F.  of 

calculated 

the  different 

and  observed 

cellsandthat 

values  of 

of  the  mean 

Form  of  the  cell 

Temperature-coefficient 

E.M.F. 

of  several  H 
cells  used  as 

standards 

The  unit  being  ^^^th 

of  a  volt 

H  cell  set  up  in  Lord 

0-000812  +0-000013  (£-15) 

12 

+  3 

Rayleigh's  manner 

H  cell,  the  paste  cover- 

0-000774+0-000020 (t  -  15) 

12 

+  7 

ing  both  electrodes 

A  new  form  for  re- 

0-000791 +0-000017  (t  -  15) 

9 

+  9 

search       purposes, 

the  paste  covering 

both  electrodes 

The  cell  issued  hither- 

0-000806 +  0-000006  (t  -  15) 

30 

-29 

to  by  the  German 

Reichsanstalt 

The    mean    value   of    the    temperature-coefficient,   therefore, 
would  be 

0-000796  +  0-000014  (t  -  15). 

Lord   Rayleigh  has  given  the   following  values  for  the  two 
different  cells  he  investigated : — 

+  0-000827  +  0-000018  (t  -  15), 
+  0-000740  +  0-000016  (t  -  15), 
the  mean  being 

+  0-000783  +  0-000017  (t  -  15). 

I  suppose,  for  practical  purposes,  the  values  found  by  Lord 
Rayleigh  and  by  me  are  identical. 

The  most  important  matter  is  to  obtain  the  absolute  term  of 
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the  E.M.F.  For  the  purpose  I  used  a  measuring  arrangement 
similar  to  Lord  Rayleigh's.  The  current,  which  produces  on  the 
terminals  of  a  known  resistance  a  pressure  equal  to  that  of  the 
Clark  cell,  was  obtained  by  the  silver  voltameter.  It  was  found 
that  the  same  current  deposits  the  more  silver  the  more  oxide  of 
silver  is  dissolved  in  the  solution  of  the  nitrate.  I  made  a  solu- 
tion of  nitrate  crystals,  and  boiled  a  part  of  it  a  long  time  with 
oxide  of  silver ;  the  deposit  obtained  with  this  basic  solution  was 
about  y^^ths  greater  than  that  with  the  original  solution. 
Therefore,  using  a  certain  number  for  the  equivalent  of  silver, 
there  will  be  a  little  uncertainty  of  some  parts  in  10,000  in 
measuring  currents  by  the  deposit  of  silver.  Now,  as  first  shown 
by  Professor  Schuster,  and  also  proved  by  me  by  a  good  deal  of 
experimenting,  the  deposit,  when  the  voltameter  is  in  vacuo,  is 
about  four  parts  of  10,000  greater  than  in  ordinary  air.  But  the 
absolute  value  of  the  E.M.F.  is  not  touched  by  this  fact,  because 
making  the  electrolysis  in  this  manner  one  has  certainly  to  take 
a  greater  figure  for  the  equivalent,  and  therefore  the  ratio  between 
the  unit  and  the  measured  amount  of  current  remains  the  same. 
The  following  figures  are  given  by  taking  one  ohm  =  1*063  S.U., 
and  by  assuming  that  a  current  of  one  ampere  strength  deposits 
in  an  hour  4'0259  grammes ;  the  last  figure  exceeds  that  given  by 
the  Board  of  Trade  only  by  six  parts  in  100,000.  I  found  by 
some  thirty  experiments  the  E.M.F.  of  the  H  cells,  set  up  with 
clean  materials  in  the  above-described  manner,  as  1*4332  volt  at 
15°C.,  and  am  sure  that,  when  using  the  same  arrangement  of  the 
silver  voltameter,  this  value  will  be  right  by  five  parts  in  10,000 
if  the  equivalent  is  certain  to  this  extent.  If  I  express  the 
value  given  by  Lord  Rayleigh  for  the  cells  of  the  original  Clark's 
form  in  this  unit,  it  is  1*4346  volt  at  15°.  Lord  Rayleigh  finds 
the  E.M.F.  of  this  H  cell  a  few  ten-thousandths  of  a  volt  greater 
than  that  of  the  old  form.  Therefore  it  would,  perhaps,  be  1*4350 
volt  at  15°. 

Recently  Mr  Glazebrook  has  made  a  new  determination,  and 
finds  the  E.M.F.  of  the  original  Clark  cell,  in  the  above  fixed  units, 
to  be  1*4342  volt  at  15°.  He  has  also  compared  H  cells  set  up  by 
me,  and  now  brought  to  England,  and  finds  their  E.M.F.  smaller 
by  Youths  of  a  volt  than  that  of  the  original  form.  Therefore 
the  E.M.F.  of  the  H  cell  is  1*4338  volt  at  15°.  This  last  value 
and  that  found  by  me  are  in  good  agreement.  It  is  to  be  noted 
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that  the  anodes  and  cathodes  in  my  voltameters  are  much  smaller 
than  those  in  the  English  ones. 

It  may  be  mentioned  here  that  the  mean  E.M.F.  of  four  H 
cells  set  up  in  the  same  manner  as  before,  but  containing,  in 
accord  with  Professor  Carhart's  directions,  a  solution  of  sulphate 
of  zinc,  saturated  at  0°,  was  found  to  be  1'442  volt  at  15°,  using  the 
same  units  as  above. 

It  only  remains  to  give  some  directions  on  the  best  form  of 
Clark  cells.  I  suppose  it  will  be  good  to  distinguish  such  cells 
which  are  to  remain  as  standards  in  the  laboratories  and  are  used 
by  their  maker,  and  such  as  are  to  be  used  for  practical  purposes. 
These  do  not  need  to  have  the  same  degree  of  accuracy,  but  they 
must  be  able  to  be  carried  about.  In  the  Board  of  Trade  memo- 
randum the  original  Clark  cell  is  adopted  as  the  standard;  but 
I  think  Lord  Rayleigh's  H  form  gives  more  accuracy  and  is  easier 
to  set  up.  In  the  old  form  not  all  the  parts  of  the  zinc  rod  are 
in  saturated  solution,  and  therefore  the  value  of  the  E.M.F.  will 
be  a  little  uncertain.  Another  disadvantage  is  that  parts  of  the 
zinc  rod  may  fall  down  in  the  mercury,  and  will  so  produce  a 
considerable  variation  of  the  E.M.F.  On  the  other  hand,  the 
electrodes  of  the  H  form  are  always  in  concentrated  solution,  and 
there  is  no  possibility  of  parts  of  the  negative  electrode  coming 
over  to  the  positive  one.  I  have  set  up  about  sixty  H  cells,  and 
have  found  no  difficulty,  when  using  carefully  cleaned  materials, 
to  keep  the  difference  of  the  E.M.F.  of  the  single  cells  under  a 
ten-thousandth  of  a  volt. 

To  construct  cells  for  practical  purposes  which  will  stand 
carriage,  the  most  simple  way  is  to  separate  the  two  electrodes  by 
a  porous  wall.  I  can  show  here  such  a  cell  of  a  form  constructed 
by  Dr  Feussner,  and  issued  hitherto  by  the  German  Reichsanstalt. 
The  positive  electrode  is  an  amalgamated  platinum  plate  with 
the  surrounding  paste  in  a  porous  vessel  of  clay.  The  zinc  rod 
forming  the  positive  electrode  is  on  the  upper  part  protected  by 
a  glass  tube ;  the  lower  part  is  blown  rectangularly  and  covered 
with  crystals  of  sulphate  of  zinc.  The  whole  glass  vessel  is  filled 
with  a  concentrated  solution  of  this  salt.  The  E.M.F.  of  such 
cells  is  about  Tof^ths  of  a  volt  higher  than  that  of  the  H  cells. 
The  agreement  of  different  cells  of  this  form  is  very  sufficient 
for  practical  purposes ;  the  difference  between  the  E.M.F.  is  always 
smaller  than  1 0  ^  0  0  th  of  a  volt.  The  only  disadvantage  of  this 
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form  is  that  its  E.M.F.  does  not  follow  quickly  the  alterations  of 
temperature;  but  I  suppose  one  could  improve  that  by  diminishing 
the  size  of  the  cell. 

We  endeavoured  in  the  Reichsanstalt  to  make  Lord  Rayleigh's 
H  form  transportable  on  account  of  its  good  qualities,  and  to  do 
this  without  introducing  foreign  substances  as  porous  walls.  The 
investigations  in  this  direction  are  not  yet  finished,  but  I  am  able 
to  exhibit  a  cell  which  was  constructed  for  this  purpose  and  seems 
to  be  good.  The  positive  electrode  is  formed  by  an  amalgamated 
platinum  plate  fixed  on  a  wire  of  the  same  metal,  which  is  melted 
in  the  bottom  of  one  of  the  two  tubes  forming  the  vessel.  The 
negative  electrode  is  formed  by  the  10  percentage  zinc  amalgam 
solidified  on  the  bottom  of  the  other  tube,  and  also  connected 
with  a  platinum  wire  melted  in  the  glass.  The  whole  vessel  is 
filled  with  paste  and  closed  by  a  glass  stopper  perforated  by  a 
thermometer,  of  which  the  bulb  is  within  the  vessel.  Such  a  cell 
can  be  turned  without  any  danger,  and  is  suitable  for  transport. 
The  E.M.F.  is  about  I0^o0th  of  a  volt  smaller  than  that  of  the  H 
cells;  the  disagreement  between  the  E.M.F. 's  of  different  cells 
constructed  in  similar  manner  does  not  exceed  10jj0oths  of  a  volt. 
But  before  using  such  cells  for  practical  purposes,  they  must  be 
observed  for  a  longer  time  till  one  is  sure  that  their  behaviour  will 
not  be  altered  by  age. 

These  are  the  principal  results  obtained  recently  in  the  Reich- 
sanstalt on  this  matter.  Some  of  them  will  be  already  known 
here ;  but  I  hope  to  have  given  new  proof  that  the  Clark  cell  is  a 
very  accurate  standard  for  E.M.F.,  and  a  good  measuring  instru- 
ment for  practical  purposes. 

APPENDIX  VI. 

On  the  Values  of  certain  Standard  Resistance  Coils*. 
By  R.  T.  GLAZEBROOK,  F.R.S. 

In  the  Report  of  the  Committee  for  1890  it  was  stated  that 
during  the  early  part  of  the  year  small  changes  had  taken  place 
in  the  values  of  some  of  the  old  B.A.  standards,  which  had  been 
subjected  to  a  very  low  temperature  early  in  that  year.  These 
coils  have  been  compared  together  at  intervals  since  that  date, 
and  the  following  tables  will  show  that  at  the  temperatures  given 

*  See  also  Report  for  1908. 
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there  is  no  indication  of  any  further  change.  The  difference 
between  the  coils  and  the  standard  coil  flat  is  given  in  bridge 
wire  divisions.  The  value  of  one  bridge  wire  division  is  about 
•00005  ohm. 

The  first  few  lines  in  Tables  IX.  and  X.  give  the  values  of  the 
differences  observed  in  1890.  These  are  followed  by  those  of  the 
more  recent  observations  which  were  taken  at  a  temperature  of 
about  16°  C. 

These  observations  are  sufficient  to  show  that  there  has  been 
no  appreciable  change  in  the  relative  values  of  these  coils. 

The  observations  on  the  legal  ohm  standards  given  in  Table  X. 
lead  to  the  same  conclusion. 

TABLE  IX. — Showing  the  Differences  between  the  Platinum 
Silver  B.A.  units  in  1890  and  in  1892. 


Date 

Temperature 

Flat-F 

Flat  -  G 

Flat  -  H 

May  1890  ... 

14'4°  0 

-3-5 

21-5 

18'3 

June  1890  . 

16 

-3-2 

22-2 

17-8 

Aug.  1890  

16-5 

-3 

22-6 

18 

July  23,  1892... 
July  24,  1892... 
July  27,  1892... 

16 
16 
16-2 

-3-7 
-3-5 
-3-2 

21-6 

22 
21-6 

18-4 
18-3 
18-3 

TABLE  X. — Giving  Differences  in  Bridge  Wire  Divisions 
between  the  Legal  Ohm  Standards  and  Flat. 


Date 

Temperature 

3J^  100  -Flat 

3Jj^  101  -Flat 

Aug.  1890  

15-7°  C. 

216-7 

206-6 

Nov.  1890  

15 

217-2 

206-7 

Jan.   1891  

11-6 

216-1 

206-8 

July  25,  1892... 

16-3 

215-6 

205-8 

July  27,  1892... 

16-1 

216 

206-3 

In  November  1890  two  new  coils  marked  J  and  K  were  made 
of  platinum  silver  wire,  supplied  by  Messrs  Elliott  Bros.  The 
wires  of  the  coils  are  wound  in  a  loose  spiral  inside  the  case,  being 
secured  at  intervals  by  silk  threads  to  an  ebonite  central  stem. 
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They  are  thus  in  contact  with  air  only,  and  there  is  no  paraffin 
inside  the  case.  It  was  hoped  in  this  way  to  secure  freedom  from 
the  strains  set  up  by  changes  of  temperature  in  the  paraffin,  which 
appeared  from  the  results  given  in  the  Report  for  1890  to  have 
some  connexion  with  the  changes  of  resistance  there  described. 
The  results  are  shown  in  fig.  4.  From  the  six  observations 
for  each  coil  there  recorded  it  is  clear  that  there  has  been  no  change 
during  the  time  for  which  the  observations  have  lasted. 

Fig.  4.     Showing  the  values  of  the  B.  A.  units  Flat,  J  and  K,  from 
observations  between  November  1890  and  July  1892. 


35B& 


70 


f7    tf 


20    SO     //    JZ    S3 


76    S6    //     A9     J9     ZO 


The  vertical  divisions  are  '0005  B.  A.  unit. 

The  horizontal  divisions  are  1°  C. 

Flat  =  l  B.  A.  unit  at  14'8°.    Temp.  Coeff.  -00027  (Fleming's  observations, 

1876). 

.7=1  B.  A.  unit  at  14°.     Temp.  Coeff.  -000260. 
K=  1  B.  A.  unit  at  14-15°.     Temp.  Coeff.  -000261. 

Two  observations  were  made  at  a  much  lower  temperature,  and 
these  would  seem  to  indicate  a  slightly  less  temperature-coefficient 
than  is  shown  by  the  observations  between  10°  C.  and  20°  C. 

The  values  of  the  two  new  coils  in  B.A.  units  between  tem- 
peratures of  10°  and  20°  are  given  by 

J=l  +  -000260  (£-14). 
K=  1  +  -000261  (*  - 1415). 

We  may  thus  conclude  that  during  the  past  two  years  there 
has  been  no  relative  change  in  the  values  of  the  platinum  silver 
unit  standards  of  the  Association. 

Four  of  these  are  the  original  standards  made  in  1865-67  ; 
two  others  were  made  by  Messrs  Elliott  Bros,  in  1 885,  and  the  last 
two  by  the  assistant  at  the  Cavendish  Laboratory  from  wire 
supplied  by  Messrs  Elliott  Bros,  in  1889. 
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APPENDIX  VII. 

On  the  Standard  Condensers  of  the  Association,   and  on   certain 
Resistance  Coils.     By  R.  T.  GLAZEBROOK,  F.R.S. 

The  Report  of  the  Committee  for  1890  contains  as  an  appendix 
a  very  full  account  of  the  tests  on  the  air  condensers  belonging 
to  the  Association.  It  was  there  stated  that  while  the  insulation 
resistance  of  No.  I.  was  very  high,  that  of  No.  II.  was  not  com- 
pletely satisfactory ;  No.  II.  was  therefore  taken  to  pieces  and  set 
up  afresh.  Its  capacity  and  also  that  of  No.  I.  were  redeter- 
mined,  using  the  commutator  method  described  in  the  previous 
paper. 

The  following  values  were  found : — 

TABLE  XL 


Date 

Capacity  in 
Microfarads 

Mean  of  each 
Series 

Dec. 
Dec. 
Dec. 
Dec. 

Dec. 

CONDI 
23,  1890   

SNSER  No.  I. 

•021059 
•021052 
•021046 
•021044 

NSER   NO.    II. 

•021396 
•021392 
•021399 

•021365 
•021399 
•021403 

•021381 
•021409 
•021389 

•021050 

•021395 
•021389 
•021390 

29,     „       

CONDE 
23,  1890    

23,  1890,  afternoon 

29     „ 

)J                             5 
5)                             ) 

Mean  of  the  whole,  '021391  microfarad. 

The  different  values  in  each  series  correspond  to  different  rates 
of  revolution  of  the  commutator. 

The  value  found  originally  for  the  capacity  of  No.  I.  was 
•021024  microfarad;  it  would  appear  therefore  that  it  may  be 
slowly  increasing;  the  capacity  of  No.  II.  has  been  changed  by 
being  taken  to  pieces  from  '022515  to  "021391. 
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The  two  condensers  were  also  compared,  directly  assuming  the 
value  of  No.  I.  to  be  '021050 ;  that  of  No.  II.  was  found  to  be 
•021390 — practically  the  same  value  as  that  given  by  the  com- 
mutator. 

As  a  further  check  on  the  values  a  mica  condenser  was  com- 
pared with  the  two  in  the  usual  way.  The  values  found  were : — 

TABLE  XII. 


Date 

In  Terms  of  I. 

In  Terms  of  II. 

Dec  29,  1890  

•5017 

•5013 

Jan      1,  1891  

•5013 

•5012 

TABLE  XIII. 


Nominal 
Value 

Time  of 
Charging,  in 
beeonds 

Value  in 
Terms  of  I. 

Value  in 
Terms  of  II. 

•05 

0 

•05022 

5 

•05072 

10 

•05080 

•05  + 

0 

•05055 

5 

•05106 

10 

•05109 

•2 

0 

•1988 

•1981 

2 

•1999 

•2002 

5 

•2007 

•2009 

10 

•2010 

•2013 

20 

•2012 

•2  + 

0 

•2003 

2 

•2018 

5 

•2027 

10 

•2033 

20 

•2039 

30 

•2046 

•5 

0 

•5032 

2 

•5058 

5 

•5078 

10 

•5081 

20 

•5092 
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In  March  1892  the  insulation  of  the  condensers  was  tested 
by  the  Secretary  and  Mr  A.  S.  Bowley ;  they  were  both  found  to 
lose  rather  less  than  ^^  of  their  charge  per  minute.  A  divided 
condenser,  Elliott  No.  144,  No.  3,  was  compared ;  the  results  are 
interesting  as  showing  the  effect  on  the  capacity  of  the  time  of 
charging,  and  are  given  in  Table  XIII. 

The  first  observation  in  each  case  marked  as  0s  was  made 
by  connecting  the  galvanometer,  and  then  momentarily  making 
the  battery  circuit  for  a  very  small  fraction  of  a  second.  The 
observations  on  the  *2  condenser  show  that  there  has  been  no 
appreciable  change  in  the  relative  value  of  Standards  I.  and  II. 
The  observations  throughout  are  accurate  to  about  one  part  in 
10,000. 

During  the  process  of  the  work  Mr  Bowley  compared  several 
of  the  resistance  boxes  of  the  Association  together.  As  these  are 
used  as  standards  in  many  experiments  it  will  be  useful  to  put  the 
results  on  record. 

Box  Elliott  1253  is  a  Wheatstone's  bridge  box  of  platinum 
silver  in  legal  ohms,  said  to  be  right  at  17°  C.  Assuming  that 
the  two  1000-ohm  coils  of  the  bridge  are  equal,  and  the  experi- 
ments showed  no  appreciable  difference,  the  following  values  were 


TABLE  XIV. 


Nominal  Value 

Value  found 

Elliott  1825 

10,000 

10,012 

20,000 

20,024 

30,000 

30,034 

40,000 

40,049 

Nalder  1870 

100,000     No.    1 

100,042 

»             »      ^ 

100,044 

>5                        »           3 

100,050 

4 
»               ?' 

100,034 

»               »       5 

100,042 

ii      6 

100,042 

„      7 

100,052 

Q 
»                                  »                ° 

100,032 

Q 
»                         »           ^ 

100,047 

»  10 

100,052 
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found  for  certain  coils  in  terms  of  a  nominal  10,000  ohms  taken 
from  1253. 

The  temperature  of  all  the  coils  was  about  15'6°  C. 

Thus  the  box  Elliott  1825  is  right  at  about  4°  below  the  box 
1253,  while  the  box  Nalder  1870  is  right  at  about  1'5°  below  1253. 


APPENDIX  VIII. 

On  the  Values  of  certain  Standards  of  Resistance  and  Electro- 
motive Force  sent  from  Berlin  for  Comparison  with  the 
British  Association  Standards.  By  R.  T.  GLAZEBROOK, 
F.R.S. 

Towards  the  end  of  July  Dr  Lindeck,  of  the  Physikalische 
Electrotechnische  Reichsanstalt  at  Berlin,  brought  to  Cambridge 
three  resistance  coils  of  nickel-manganese-copper  alloy  in  order 
to  compare  them  with  the  British  Association  standards.  Ex- 
periments to  determine  the  value  of  these  coils  in  terms  of  the 
resistance  of  mercury  are  in  progress  at  Berlin;  when  they  are 
completed  a  comparison  of  the  British  Association  units  with  the 
mercury  standards  of  the  Reichsanstalt  will  become  possible. 

A  fourth  coil,  constructed  for  the  Berlin  Reichsanstalt  by 
Messrs  Elliott  Bros.,  was  also  tested.  Table  XV.  contains  the 
results  of  the  comparison. 

In  the  experiments  marked  thus  *  a  considerable  length, 
200  cm.,  of  the  bridge  wire  was  used.  An  error  of  1°C.  in  the 
temperature  of  this  would  produce  an  error  of  '00003  in  the  result. 
In  reducing  the  results  the  temperature  of  the  bridge  has  been 
taken  as  18°C.,  the  value  given  by  a  thermometer  laid  alongside  the 
wire  on  July  28.  In  the  other  experiments  a  coil  of  100  ohms 
was  put  in  multiple  arc  with  the  Berlin  standard,  and  the  difference 
of  the  combination  and  the  British  Association  units  was  found. 
The  length  of  bridge  wire  was  very  small,  so  that  an  exact  know- 
ledge of  its  temperature  was  not  wanted,  while  the  100-ohm  coil 
was  known  with  all  the  necessary  accuracy. 

Another  set  of  comparisons,  leading  to  results  which  do  not 
differ  from  the  above  by  more  than  '00003  British  Association  unit, 
was  made  by  Dr  Lindeck,  using  apparatus  he  had  brought  from 
Berlin ;  but  a  complete  discussion  of  the  whole  can  best  be  given 
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when  the  values  of  the  Berlin  coils  in  terms  of  the  mercury  standard 
have  been  found. 

Dr  Lindeck  also  brought  four  Clark  cells.  Of  these  two,  Nos. 
69  and  71,  were  of  the  pattern  described  by  Dr  Kahle  (Electro- 
technische  Zeitschrift,  July  22,  1892;  Zeitschrift  fur  Instrumenten- 
kunde,  April  1892).  The  mercurous  sulphate  is  enclosed  in  a 
porous  pot.  The  zinc  dips  among  the  crystals  of  the  zinc  sulphate, 

TABLE  XV. 


No.  of  Coil 

Date 

Temp. 
in°C. 

Value  in 
B.  A.  units 

Mean  Value 
of  Series 

Wolff  150 

July  25 

16*5 

1-Q1118* 

1-01118  at 

„     27 

17 

1-01116* 

16-7° 

„     25 

16-5 

1-01119 

„     26 

16-3 

1-01119 

„     27 

17-1 

1-01120 

Wolff,  139      .... 

July  25 

16*5 

1-01110* 

1-01112  at 

„     27 

16-9 

1-01112* 

16-7° 

„     25 

16-5 

1-01110 

„     26 

16-3 

1-01114 

„     27 

17-1 

1-01110 

Wolff,  147  

July  25 

16'5 

1-01112* 

1-01113  at 

»     27 

16-9 

1-01112* 

16-7° 

„     25 

16-5 

1-01113 

„     26 

16-3 

1-01112 

,,     27 

17-1 

1-01115 

Elliott,  250  

July  25 

17 

1-01107* 

1-01107  at 

„     27 

17 

1-01107* 

17° 

»     28 

17 

1-01108* 

„     28 

17 

1-01108 

its  end  being  bent  so  as  to  be  horizontal.  The  vertical  portion  of 
the  zinc  is  covered  with  a  glass  tube,  so  that  the  horizontal  part 
alone  is  effective. 

The  other  two,  Nos.  12  and  29,  were  H  cells  of  the  pattern 
described  by  Lord  Rayleigh. 

These  cells  were  compared  with  the  standard  at  the  Cavendish 
Laboratory  with  the  results  shown  in  Table  XVI.,  which  gives 
the  differences  between  the  four  cells  and  the  standard  in  hundred- 
thousandths  of  a  volt. 
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TABLE  XVI. 


Date    

Values  of  Berlin  Cell—  Standard 
in  -00001  Volt 

July  26 

July  27 

July  29 

Temperature  

16-1°  C. 

15-9*0. 

15-9°  0. 

Cell  No.  69 
„        71 
„        29 
»        12 

-15 
-11 
-36 
-39 

-18 
-15 
-35 
-38 

-14 

-36 
-39 

On  July  29  cell  No.  71  had  been  taken  away.  Dr  Kahle  kindly 
determined  the  differences  between  No.  69  and  each  of  the  other 
cells  before  they  left  Berlin.  Values  for  these  same  differences 
can  be  obtained  from  Table  XVI. 

We  thus  get  Table  XVII. 

TABLE  XVII. 


Differences  between  Cell  No.  69  and  the  others 
sent  from  Berlin 

Date  and  Place  of  Observation 

No.  71 

No.  12 

No.  29 

July  19,  1892) 
20            V  Berlin              J 

-2 
-4 

-4 

29 
28 
25 

29 
25 
26 

»     21      „    j                             ( 

July  26,  1892)                            ( 
„     27      „    I  Cambridge..  J 
„     29      „    j 

-4 
-3 

21 
19 
22 

24 
20 
25 

Thus  the  relative  values  of  the  cells  as  found  at  Cambridge  are 
practically  the  same  as  those  found  at  Berlin.  Moreover,  taking 
the  E.M.F.  of  the  Cambridge  standard  as  1*4342  volt  at  15°  C., 
that  of  the  Berlin  cells,  with  porous  pots,  is  1 '43405,  and  of  the 
Berlin  H  cells  about  1'4338. 
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The  value  actually  found  by  Dr  Kahle  for  the  E.M.F.  of  the 
porous  pot  cells  is  T4336  volt,  so  that  the  agreement  is  satis- 
factory. In  all  the  above  it  has  been  assumed  that  the  resistance 
of  106*30  centimetres  of  mercury  is  1  ohm,  and  that  the  amount 
of  silver  deposited  per  second  by  a  current  of  1  ampere  is 
•001118  gramme. 

The  H  form  of  cell  in  all  cases  examined  at  Berlin  has  a 
slightly  lower  E.M.F.  than  those  with  the  porous  pots,  the 
difference  being  about  '0003  volt. 
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THE  work  of  testing  resistance  coils  at  the  Cavendish  Laboratory 
has  been  continued.  The  coils  have  all  been  "  ohms,"  as  defined 
by  the  resolution  of  the  Committee  given  in  their  last  Report,  and 
since  adopted  by  the  Board  of  Trade  Committee  on  electrical 
standards  in  the  following  form : — 

The  resistance  offered  to  an  unvarying  electric  current  by  a 
column  of  mercury  at  the  temperature  of  melting  ice  14*4521 
grammes  in  mass,  of  a  constant  cross-sectional  area,  and  of  a 
length  of  106'3  centimetres,  may  be  taken  as  1  ohm.  The  relation 
between  the  B.A.  unit  and  the  ohm  is  the  following : — 

1  B.A.  unit  =  -9866  ohm. 

The  resolutions  adopted  by  the  Committee  at  Edinburgh  were 
communicated  to  the  Electrical  Standards  Committee  of  the  Board 
of  Trade.  After  consideration  the  Board  of  Trade  Committee 
drew  up  an  amended  report,  in  harmony  with  the  Edinburgh 
resolutions,  for  presentation  to  the  President  (see  Appendix  I.). 

The  resolutions  were  accepted  at  Edinburgh  by  Dr  von  Helm- 
holtz  on  behalf  of  Germany,  while  in  France  an  official  committee 
decided  last  June  to  adhere  to  the  propositions  of  the  Board  of 
Trade.  Austria  and  Italy  are  connected  by  treaty  with  Germany 
for  telegraph  purposes,  and  in  consequence  adopt  the  same  units. 

The  Committee  have  learnt  with  pleasure  from  Mr  W.  H. 
Preece,  one  of  the  English  delegates  to  the  International  Congress 
of  Electricians  at  Chicago,  that  the  Congress  have  accepted  a  series 
of  resolutions  defining  the  fundamental  units  practically  identical 
with  the  Edinburgh  resolutions. 

R.  \.  30 
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Thus  these  resolutions  have  now  been  accepted  as  a  basis  for 
legislation  throughout  the  British  Empire,  the  whole  of  Western 
Europe,  and  the  United  States  of  America. 

The  Committee  are  also  informed  that  the  Chicago  Congress 
have  adopted  the  name  "  Henry "  for  the  unit  of  self-induction ; 
while  looking  with  favour  on  this  suggestion,  they  think  it  desir- 
able to  postpone  definite  action  until  the  official  report  of  the 
Congress  has  been  received. 

In  March  last  M.  Mascart  wrote  to  the  Secretary  asking  the 
opinion  of  the  Committee  as  to  a  name  for  the  standard  of  resist- 
ance denned  at  Edinburgh.  A  circular  letter  was  issued  inviting 
members  of  the  Committee  to  express  their  views  on  four  names 
which  had  been  suggested,  viz. :  "  International,"  "  Normal," 
"Etalion,"  or  "Ohm  de  1893."  After  receiving  replies  to  the 
circular  from  twelve  members  of  the  Committee,  the  Secretary 
wrote  to  Professor  Mascart  to  the  effect  that  the  number  of 
members  who  expressed  a  preference  for  the  name  "  International  " 
was  greater  than  the  number  declaring  in  favour  of  any  other 
name,  but  that  he  thought  that  the  Committee  would  accept 
whichever  of  the  first  three  suggestions  commended  itself  to  the 
French  Committee  appointed  to  deal  with  the  matter. 

During  the  year  Dr  Muirhead  has  remeasured  his  standard 
condenser.  He  now  finds  as  the  capacity  of  a  condenser  con- 
structed twenty-three  years  ago  to  represent  '1  microfarad  (B.A. 
unit)  the  value  '09998  microfarad. 

Tests  have  been  made  during  the  year  on  the  1-ohm  and 
10-ohm  standards  of  the  Association.  These  are  still  being  con- 
tinued. The  100-ohm  and  1000-ohm  standards  have  now  been 
delivered,  and  the  tests  will  be  shortly  proceeded  with.  Some 
experiments  were  made  as  to  the  amount  of  heating  in  the  coils 
produced  by  the  current  used  for  testing.  These  are  detailed  in 
Appendix  II.  Further  valuable  information  on  this  point  is  con- 
tained in  Mr  Griffiths'  paper  on  "The  Value  of  the  Mechanical 
Equivalent  of  Heat*." 

The  Committee  think  it  desirable  that  they  should  be  in  a 
position  to  complete  the  set  of  resistance  standards  of  the  Associa- 
tion, and  recommend,  therefore,  that  they  be  reappointed,  with  a 
grant  of  £25,  that  Professor  G.  Carey  Foster  be  Chairman,  and 
Mr  R.  T.  Glazebrook  Secretary. 

*  Phil.  Trans.  1893. 
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APPENDIX  I. 

SUPPLEMENTARY  REPORT  OF  THE  ELECTRICAL  STANDARDS 
COMMITTEE  OF  THE  BOARD  OF  TRADE. 

To  the  Right  Hon.  A.  J.  Mundella,  M.P.,  President  of  the 
Board  of  Trade. 

Subsequently  to  the  presentation  of  our  former  report  to  Sir 
Michael  Hicks-Beach,  in  July  1891,  we  were  informed  that  it  was 
probable  that  the  German  Government  would  shortly  take  steps  to 
establish  legal  standards  for  use  in  connexion  with  electrical  supply, 
and  that,  with  a  view  to  secure  complete  agreement  between  the 
proposed  standards  in  Germany  and  England,  the  Director  of  the 
Physico-Technical  Imperial  Institute  at  Berlin,  Professor  von 
Helmholtz,  with  certain  of  his  assistants,  proposed  to  visit  Eng- 
land for  the  purpose  of  making  exact  comparisons  between  the 
units  in  use  in  the  two  countries,  and  of  attending  the  meeting  of 
the  British  Association  which  was  to  take  place  in  August  in 
Edinburgh. 

Having  regard  to  the  importance  of  this  communication  it 
appeared  desirable  that  the  Board  of  Trade  should  postpone  the 
action  recommended  in  our  previous  Report  until  after  Professor 
Helmholtz's  visit. 

That  visit  took  place  early  in  August,  and  there  was  a  very 
full  discussion  of  the  whole  subject  at  the  meeting  of  the  British 
Association  in  Edinburgh,  at  which  several  of  our  number  were 
present.  The  meeting  was  also  attended  by  Dr  Guillaume,  of  the 
Bureau  International  des  Poid$  et  Mesures ;  and  Professor  Carhart, 
of  the  University  of  Michigan,  U.S.A.,  who  were  well  qualified  by 
their  scientific  attainments  to  represent  the  opinion  of  their 
respective  countries. 

It  appeared  from  the  discussion  that  a  few  comparatively 
slight  modifications  of  the  resolutions  included  in  our  previous 
Report  would  tend  to  secure  international  agreement. 

An  extract  from  the  Report  of  the  Electrical  Standards  Com- 
mittee of  the  British  Association  embodying  the  results  of  this 
discussion  was  communicated  to  us  by  the  Secretary,  and  will  be 
found  in  the  appendix  to  this  Report. 

Having  carefully  considered  the  whole  question  in  view  of  this 
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communication,  and  having  received  the  report  of  the  subcom- 
mittee mentioned  in  resolution  14  of  our  previous  Report,  we  now 
desire,  for  the  resolutions  contained  in  that  Report,  to  substitute 
the  following : — 

RESOLUTIONS. 

1.  That  it  is  desirable  that  the  new  denominations  of  standards 
for  the  measurement  of  electricity  should  be  made  and  approved 
by  Her  Majesty  in  Council  as  Board  of  Trade  standards. 

2.  That  the  magnitudes  of  these  standards  should  be  deter- 
mined  on   the    electro-magnetic    system    of   measurement   with 
reference  to  the  centimetre  as  unit   of  length,  the  gramme   as 
unit  of  mass,  and  the  second  as  unit  of  time,  and  that  by  the 
terms  centimetre  and  gramme  are  meant  the  standards  of  those 
denominations  deposited  with  the  Board  of  Trade. 

3.  That  the  standard  of  electrical  resistance  should  be  de- 
nominated the  ohm,  and  should  have  the  value  1,000,000,000  in 
terms  of  the  centimetre  and  second. 

4.  That  the  resistance  offered  to  an  unvarying  electric  current 
by  a  column  of  mercury  at  the  temperature  of  melting  ice  14  4521 
grammes  in  mass  of  a  constant  cross-sectional  area,  and  of  a  length 
of  106*3  centimetres,  may  be  adopted  as  1  ohm. 

5.  That  a  material  standard,  constructed  in  solid  metal,  should 
be  adopted  as  the  standard  ohm,  and  should  from  time  to  time 
be  verified  by  comparison  with  a  column  of  mercury  of  known 
dimensions. 

6.  That,  for  the  purpose  of  replacing  the  standard,  if  lost, 
destroyed,  or  damaged,  and  for  ordinary  use,  a  limited  number  of 
copies  should  be  constructed,  which  should  be  periodically  compared 
with  the  standard  ohm. 

7.  That  resistances  constructed  in  solid  metal  should  be  adopted 
as  Board  of  Trade  standards  for  multiples  and  sub-multiples  of  the 
ohm. 

8.  That  the  value  of  the  standard  of  resistance  constructed  by 
a  committee  of  the  British  Association  for  the  Advancement  of 
Science  in  the  years  1863  and  1864,  and  known  as  the  British 
Association  unit,  may  be  taken  as  '9866  of  the  ohm. 

9.  That    the    standard    of  electrical    current  should   be  de- 
nominated the  ampere,  and  should  have  the  value  one-tenth  (0*1) 
in  terms  of  the  centimetre,  gramme,  and  second. 
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10.  That  an  unvarying  current  which,  when  passed  through 
a  solution  of  nitrate  of  silver  in  water,  in  accordance  with   the 
specification  attached  to  this  Report,  deposits  silver  at  the  rate 
of  O'OOlllS  of  a  gramme  per  second  may  be  taken  as  a  current  of 
1  ampere. 

11.  That  an  alternating  current  of  1  ampere  shall  mean  a 
current  such  that  the  square  root  of  the  time-average  of  the  square 
of  its  strength  at  each  instant  in  amperes  is  unity. 

12.  That  instruments  constructed  on   the   principle   of  the 
balance,  in  which,  by  the  proper  disposition  of  the  conductors, 
forces  of  attraction  and  repulsion  are  produced,  which  depend  upon 
the  amount  of  current  passing,  and  are  balanced  by  known  weights, 
should  be  adopted  as  the  Board  of  Trade  standards  for  the  measure- 
ment of  current,  whether  unvarying  or  alternating. 

13.  That  the  standard  of  electrical  pressure   should  be  de- 
nominated the  volt,  being  the  pressure  which,  if  steadily  applied 
to  a  conductor  whose  resistance  is  1  ohm,  will  produce  a  current  of 
1  ampere. 

14.  That  the  electrical  pressure  at  a  temperature  of  15°  Centi- 
grade between  the  poles  or  electrodes  of  the  voltaic  cell  known  as 
Clark's  cell,  prepared  in  accordance  with  the  specification  attached 
to  this  Report,  may  be  taken  as  not  differing  from  a  pressure  of 
1*434  volt  by  more  than  one  part  in  one  thousand. 

15.  That  an  alternating  pressure   of   1    volt   shall    mean  a 
pressure  such  that  the  square  root  of  the  time-average   of  the 
square  of  its  value  at  each  instant  in  volts  is  unity. 

16.  That  instruments  constructed  on  the  principle  of  Lord 
Kelvin's  quadrant  electrometer  used  idiostatically,  and,  for  high 
pressures,  instruments  on  the  principle  of  the  balance,  electrostatic 
forces  being  balanced  against  a  known  weight,  should  be  adopted 
as  Board  of  Trade  standards  for  the  measurement  of  pressure, 
whether  unvarying  or  alternating. 

(Signed)      COURTENAY  BOYLE.  KELVIN. 

P.  CARDEW.  W.  H.  PREECE. 

RAYLEIGH.  G.  CAREY  FOSTER. 

R.  T.  GLAZEBROOK.  J.  HOPKINSON. 
W.  E.  AYRTON. 

T.  W.  P.  BLOMEFIELD,  Secretary. 
November  29,  1892. 
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SPECIFICATION  REFERRED  TO  IN  RESOLUTION  10. 

In  the  following  specification  the  term  silver  voltameter  means 
the  arrangement  of  apparatus  by  means  of  which  an  electric  current 
is  passed  through  a  solution  of  nitrate  of  silver  in  water.  The 
silver  voltameter  measures  the  total  electrical  quantity  which  has 
passed  during  the  time  of  the  experiment,  and  by  noting  this  time 
the  time-average  of  the  current,  or  if  the  current  has  been  kept 
constant  the  current  itself,  can  be  deduced. 

In  employing  the  silver  voltameter  to  measure  currents  of 
about  1  ampere  the  following  arrangements  should  be  adopted. 
The  cathode  on  which  the  silver  is  to  be  deposited  should  take  the 
form  of  a  platinum  bowl  not  less  than  10  centimetres  in  diameter, 
and  from  4  to  5  centimetres  in  depth. 

The  anode  should  be  a  plate  of  pure  silver  some  30  square 
centimetres  in  area  and  2  or  3  millimetres  in  thickness. 

This  is  supported  horizontally  in  the  liquid  near  the  top  of  the 
solution  by  a  platinum  wire  passed  through  holes  in  the  plate  at 
opposite  corners.  To  prevent  the  disintegrated  silver  which  is 
formed  on  the  anode  from  falling  on  to  the  cathode  the  anode 
should  be  wrapped  round  with  pure  filter  paper,  secured  at  the 
back  with  sealing-wax. 

The  liquid  should  consist  of  a  neutral  solution  of  pure  silver 
nitrate,  containing  about  fifteen  parts  by  weight  of  the  nitrate  to 
eighty-five  parts  of  water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the 
current  passes.  To  prevent  these  changes  having  too  great  an 
effect  on  the  current  some  resistance  besides  that  of  the  volta- 
meter should  be  inserted  in  the  circuit.  The  total  metallic  resist^ 
ance  of  the  circuit  should  not  be  less  than  10  ohms. 

Method  of  making  a  Measurement. 

The  platinum  bowl  is  washed  with  nitric  acid  and  distilled 
water,  dried  by  heat,  and  then  left  to  cool  in  a  desiccator.  When 
thoroughly  dry  it  is  weighed  carefully. 

It  is  nearly  filled  with  the  solution,  and  connected  to  the  rest 
of  the  circuit  by  being  placed  on  a  clean  copper  support  to  which 
a  binding  screw  is  attached.  This  copper  support  must  be 
insulated. 
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The  anode  is  then  immersed  in  the  solution,  so  as  to  be  well 
covered  by  it  and  supported  in  that  position;  the  connexions  to 
the  rest  of  the  circuit  are  made. 

Contact  is  made  at  the  key,  noting  the  time  of  contact.  The 
current  is  allowed  to  pass  for  not  less  than  half  an  hour,  and  the 
time  at  which  contact  is  broken  is  observed.  Care  must  be  taken 
that  the  clock  used  is  keeping  correct  time  during  this  interval. 

The  solution  is  now  removed  from  the  bowl  and  the  deposit  is 
washed  with  distilled  water  and  left  to  soak  for  at  least  six  hours. 
It  is  then  rinsed  successively  with  distilled  water  and  absolute 
alcohol  and  dried  in  a  hot-air  bath  at  a  temperature  of  about 
160°  C.  After  cooling  in  a  desiccator  it  is  weighed  again.  The 
gain  in  weight  gives  the  silver  deposited. 

To  find  the  current  in  amperes  this  weight,  expressed  in 
grammes,  must  be  divided  by  the  number  of  seconds  during  which 
the  current  has  been  passed  and  by  '001118. 

The  result  will  be  the  time-average  of  the  current,  if  during 
the  interval  the  current  has  varied. 

In  determining  by  this  method  the  constant  of  an  instrument 
the  current  should  be  kept  as  nearly  constant  as  possible,  and  the 
readings  of  the  instrument  taken  at  frequent  observed  intervals  of 
time.  These  observations  give  a  curve  from  which  the  reading 
corresponding  to  the  mean  current  (time-average  of  the  current) 
can  be  found.  The  current,  as  calculated  by  the  voltameter,  corre- 
sponds to  this  reading. 

SPECIFICATION  KEFERRED  TO  IN  RESOLUTION  14. 

Definition  of  the  Cell. 

The  cell  consists  of  zinc  and  mercury  in  a  saturated  solution  of 
zinc  sulphate  and  mercurous  sulphate  in  water,  prepared  with 
mercurous  sulphate  in  excess,  and  is  conveniently  contained  in  a 
cylindrical  glass  vessel. 

Preparation  of  the  Materials. 

1.  The  Mercury. — To  secure  purity  it  should  be  first  treated 
with  acid  in  the  usual  manner  and  subsequently  distilled  in  vacua. 

2.  The  Zinc. — Take  a  portion  of  a  rod  of  pure  redistilled  zinc, 
solder  to  one  end  a  piece  of  copper  wire,  clean  the  whole  with  glass 
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paper,  carefully  removing  any  loose  pieces  of  the  zinc.  Just  before 
making  up  the  cell  dip  the  zinc  into  dilute  sulphuric  acid,  wash 
with  distilled  water,  and  dry  with  a  clean  cloth  or  filter  paper. 

3.  The  Zinc  Sulphate  Solution. — Prepare  a  saturated  solution 
of  pure  ("  pure  recrystallised  ")  zinc  sulphate  by  mixing  in  a  flask 
distilled  water  with  nearly  twice  its  weight  of  crystals  of  pure  zinc 
sulphate,  and  adding  zinc  oxide  in  the  proportion  of  about  2  per 
cent,  by  weight  of  the  zinc  sulphate  crystals  to  neutralise  any  free 
acid*.     The  crystals  should  be  dissolved  with  the  aid  of  gentle 
heat,  but  the  temperature  to  which  the  solution  is  raised  should 
not  exceed  30°  C.    Mercurous  sulphate  treated  as  described  in  4 
should  be  added  in  the  proportion  of  about  12  per  cent,  by  weight 
of  the  zinc  sulphate  crystals,  and  the  solution  filtered,  while  still 
warm,  into  a  stock  bottle.     Crystals  should  form  as  it  cools. 

4.  The  Mercurous  Sulphate. — Take  mercurous  sulphate,  pur- 
chased as  pure,  and  wash  it  thoroughly  with  cold  distilled  water 
by  agitation  in  a  bottle ;  drain  off  the  water  and  repeat  the  process 
at  least  twice*.     After  the  last  washing  drain  off  as  much  of  the 
water  as  possible. 

Mix  the  washed  mercurous  sulphate  with  the  zinc  sulphate 
solution,  adding  sufficient  crystals  of  zinc  sulphate  from  the  stock 
bottle  to  ensure  saturation,  and  a  small  quantity  of  pure  mercury. 
Shake  these  up  well  together  to  form  a  paste  of  the  consistence  of 
cream.  Heat  the  paste,  but  not  above  a  temperature  of  30°  C. 
Keep  the  paste  for  an  hour  at  this  temperature,  agitating  it  from 
time  to  time,  then  allow  it  to  cool ;  continue  to  shake  it  occasionally 
while  it  is  cooling.  Crystals  of  zinc  sulphate  should  then  be  dis- 
tinctly visible,  and  should  be  distributed  throughout  the  mass ;  if 
this  is  not  the  case  add  more  crystals  from  the  stock  bottle,  and 
repeat  the  whole  process. 

This  method  ensures  the  formation  of  a  saturated  solution  of 
zinc  and  mercurous  sulphates  in  water. 

Contact  is  made  with  the  mercury  by  means  of  a  platinum  wire 
about  No.  22  gauge.  This  is  protected  from  contact  with  the  other 
materials  of  the  cell  by  being  sealed  into  a  glass  tube.  The  ends 
of  the  wire  project  from  the  ends  of  the  tube;  one  end  forms  the 
berminal,  the  other  end  and  a  portion  of  the  glass  tube  dip  into  the 
mercury. 

*  See  Notes. 
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To  set  up  the  Cell 

The  cell  may  conveniently  be  set  up  in  a  small  test  tube  of 
about  2  centimetres  diameter  and  6  or  7  centimetres  deep.  Place 
the  mercury  in  the  bottom  of  this  tube,  filling  it  to  a  depth  of, 
say,  1*5  centimetre.  Cut  a  cork  about  '5  centimetre  thick  to  fit 
the  tube ;  at  one  side  of  the  cork  bore  a  hole  through  which  the 
zinc  rod  can  pass  tightly ;  at  the  other  side  bore  another  hole  for 
the  glass  tube  which  covers  the  platinum  wire ;  at  the  edge  of  the 
cork  cut  a  nick  through  which  the  air  can  pass  when  the  cork  is 
pushed  into  the  tube.  Wash  the  cork  thoroughly  with  warm 
water,  and  leave  it  to  soak  in  water  for  some  hours  before  use. 
Pass  the  zinc  rod  about  1  centimetre  through  the  cork. 

Clean  the  glass  tube  and  platinum  wire  carefully,  then  heat 
the  exposed  end  of  the  platinum  red-hot,  and  insert  it  in  the 
mercury  in  the  test  tube,  taking  care  that  the  whole  of  the  exposed 
platinum  is  covered. 

Shake  up  the  paste  and  introduce  it  without  contact  with  the 
upper  part  of  the  walls  of  the  test  tube,  filling  the  tube  above  the 
mercury  to  a  depth  of  rather  more  than  2  centimetres. 

Then  insert  the  cork  and  zinc  rod,  passing  the  glass  tube 
through  the  hole  prepared  for  it.  Push  the  cork  gently  down 
until  its  lower  surface  is  nearly  in  contact  with  the  liquid.  The 
air  will  thus  be  nearly  all  expelled,  and  the  cell  should  be  left  in 
this  condition  for  at  least  twenty-four  hours  before  sealing,  which 
should  be  done  as  follows : — 

Melt  some  marine  glue  until  it  is  fluid  enough  to  pour  by  its 
own  weight,  and  pour  it  into  the  test  tube  above  the  cork,  using 
sufficient  to  cover  completely  the  zinc  and  soldering.  The  glass 
tube  should  project  above  the  top  of  the  marine  glue. 

The  cell  thus  set  up  may  be  mounted  in  any  desirable  manner. 
It  is  convenient  to  arrange  the  mounting  so  that  the  cell  may  be 
immersed  in  a  water-bath  up  to  the  level  of,  say,  the  upper  surface 
of  the  cork.  Its  temperature  can  then  be  determined  more 
accurately  than  is  possible  when  the  cell  is  in  air. 

In  using  the  cell  sudden  variations  of  temperature  should  as  far 
as  possible  be  avoided. 
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Notes. 

The  Zinc  Sulphate  Solution. — The  object  to  be  attained  is  the 
preparation  of  a  neutral  solution  of  pure  zinc  sulphate  saturated 
with  ZnS04,  7H20. 

At  temperatures  above  30°  C.  the  zinc  sulphate  may  crystallise 
out  in  another  form ;  to  avoid  this  30°  C.  should  be  the  upper 
limit  of  temperature.  At  this  temperature  water  will  dissolve 
about  1*9  times  its  weight  of  the  crystals.  If  any  of  the  crystals 
put  in  remain  undissolved  they  will  be  removed  by  the  filtration. 

The  amount  of  zinc  oxide  required  depends  on  the  acidity  of 
the  solution,  but  2  per  cent,  will,  in  all  cases  which  will  arise  in 
practice  with  reasonably  good  zinc  sulphate,  be  ample.  Another 
rule  would  be  to  add  the  zinc  oxide  gradually  until  the  solution 
became  slightly  milky.  The  solution  when  put  into  the  cell  should 
not  contain  any  free  zinc  oxide ;  if  it  does  then,  when  mixed  with 
the  mercurous  sulphate,  zinc  sulphate  and  mercurous  oxide  are 
formed ;  the  latter  may  be  deposited  on  the  zinc,  and  affect  the 
electromotive  force  of  the  cell.  The  difficulty  is  avoided  by  adding 
as  described  about  12  per  cent,  of  mercurous  sulphate  before  filtra- 
tion :  this  is  more  than  sufficient  to  combine  with  the  whole  of  the 
zinc  oxide  originally  put  in,  if  it  all  remains  free  ;  the  mercurous 
oxide  formed  together  with  any  undissolved  mercurous  sulphate  is 
removed  by  the  filtration. 

The  Mercurous  Sulphate. — The  treatment  of  the  mercurous 
sulphate  has  for  its  object  the  removal  of  any  mercuric  sulphate 
which  is  often  present  as  an  impurity. 

Mercuric  sulphate  decomposes  in  the  presence  of  water  into  an 
acid  and  a  basic  sulphate.  The  latter  is  a  yellow  substance — 
turpeth  mineral — practically  insoluble  in  water:  its  presence  at 
any  rate  in  moderate  quantities  has  no  effect  on  the  cell.  If, 
however,  it  is  formed  the  acid  sulphate  is  formed  also.  This  is 
soluble  in  water  and  the  acid  produced  affects  the  electromotive 
force.  The  object  of  the  washings  is  to  dissolve  and  remove  this 
acid  sulphate,  and  for  this  purpose  the  three  washings  described  in 
the  specification  will  in  nearly  all  cases  suffice.  If,  however,  a 
great  deal  of  the  turpeth  mineral  is  formed  it  shows  that  there  is 
a  great  deal  of  the  acid  sulphate  present,  and  it  will  then  be  wiser 
to  obtain  a  fresh  sample  of  mercurous  sulphate  rather  than  to  try 
by  repeated  washings  to  get  rid  of  all  the  acid. 
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The  free  mercury  helps  in  the  process  of  removing  the  acid,  for 
the  acid  mercuric  sulphate  attacks  it,  forming  mercurous  sulphate 
and  acid  which  is  washed  away. 

The  cell  may  be  sealed  in  a  more  permanent  manner  by  coating 
the  marine  glue,  when  it  is  set,  with  a  solution  of  sodium  silicate 
and  leaving  it  to  harden. 

APPENDIX. 

August  12,  1892. 

DEAR  SIR, — I  am  desired  by  the  Electrical  Standards  Com- 
mittee of  the  British  Association  to  communicate  to  the  Electrical 
Standards  Committee  of  the  Board  of  Trade  the  enclosed  extract 
from  their  report  made  to  the  Association  on  August  9,  1892. 

I  remain,  yours  faithfully, 

(Signed)        R.  T.  GLAZEBROOK, 
Secretary,  Electrical  Standards  Committee 
of  the  British  Association. 

To  SIR  THOMAS  BLOMEFIELD, 
Secretary,  Electrical  Standards  Committee 
of  the  Board  of  Trade. 


EXTRACT  FROM  THE  REPORT  OF  THE  ELECTRICAL  STANDARDS 
COMMITTEE  OF  THE  BRITISH  ASSOCIATION,  August  9,  1892. 

The  following  resolutions  were  agreed  to : — 

1.  That  the  resistance  of  a  specified  column  of  mercury  be 
adopted  as  the  practical  unit  of  resistance. 

2.  That  14*4521  grammes  of  mercury  in  the  form  of  a  column 
of  uniform  cross-section  106 '3  centimetres  in  length  at  0°  C.  be  the 
specified  column. 

3.  That  standards  in  mercury  or  solid  metal  having  the  same 
resistance  as  this  column  be  made  and  deposited  as  standards  of 
resistance  for  industrial  purposes. 

4.  That  such  standards  be  periodically  compared  with  each 
other,  and  also  that  their  values  be  redetermined  at  intervals  in 
terms  of  a  freshly  set-up  column  of  mercury. 
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It  was  further  agreed  that  these  resolutions  be  communicated 
to  the  Electrical  Standards  Committee  of  the  Board  of  Trade. 

With  regard  to  the  units  of  current  and  electromotive  force  it 
was  agreed  that  the  number  '001118  should  be  adopted  as  the 
number  of  grammes  of  silver  deposited  per  second  from  a  neutral 
solution  of  nitrate  of  silver  by  a  current  of  1  ampere,  and  the  value 
1'434  as  the  electromotive  force  in  volts  of  a  Clark  cell  at  15°  C. 

Dr  von  Helmholtz  expressed  his  full  concurrence  in  these 
decisions,  which  are,  as  he  informed  the  Committee,  in  accord 
with  the  recommendations  which  have  already  been  laid  by  the 
Curatorium  of  the  Reichsanstalt,  as  well  as  by  himself  before 
the  German  Government. 


APPENDIX  II. 

Experiments  on  the  Effects  of  the  Heating  produced  in  the  Coils 
by  the  Currents  used  in  Testing.     By  R.  T.  GLAZEBROOK,  F.R.S. 

Various  circumstances  (notably  the  experiments  of  Mr  Griffiths*) 
have  made  it  appear  probable  that  the  heating  effect  in  the  coils 
produced  by  the  current  used  in  making  the  resistance  test  might 
be  sufficient  to  affect  the  results  of  the  tests.  Some  experiments 
were  made  to  examine  the  point  directly. 

The  resistance  of  a  coil  of  100  ohms  (nominal  value)  was 
measured  in  the  usual  way,  i.e.  by  making  a  Wheatstone's  bridge 
of  four  coils  whose  nominal  values  were  1,  10,  10,  and  100  ohms. 
If  the  coils  had  been  accurate  there  would  have  been  a  balance ;  as 
it  was,  one  of  the  10-ohm  coils  needed  to  be  shunted,  and  the 
adjustment  was  made  by  determining  the  value  of  the  shunt  when 
no  current  passed  through  the  galvanometer. 

As  the  current  in  the  battery  circuit  was  increased  by  varying 
the  number  of  cells  this  shunt  decreased  in  value,  showing  that  the 
effect  of  the  heating  was  to  produce  an  apparent  diminution  of 
the  resistance  of  the  100-ohm  coil.  This,  of  course,  is  as  would 
be  anticipated;  for  -^  of  the  current  goes  through  the  1-ohm  and 
one  of  the  10-ohm  coils;  the  remaining  Jy  goes  through  the 
10-ohm  and  the  100-ohm.  The  rise  of  temperature  will  clearly  be 
greatest  in  the  first  10-ohm  coil,  and  to  counterbalance  the  increase 

*  Phil.  Tram.  1893. 
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in  resistance  produced  thereby  it  becomes  necessary  to  reduce  the 
shunt. 

The  following  readings  were  obtained : — 


Current  in  Amperes 

Shunt  in  1000  Ohms 

Correcting  Factor 

•05 

35-5 

1  -  '00028 

•09 

32-5 

•00031 

•12 

*30 

•00033 

•14 

30-5 

•00033 

•15 

29-5 

•00034 

The  value  of  the  100-ohm  is  given  by  taking  the  product 
of  the  values  of  the  two  10-ohm  coils  at  the  temperature  of  the 
observations,  dividing  by  the  value  of  the  1-ohm  and  multiplying 
by  a  factor  representing  the  effect  of  the  shunt. 

During  the  above  observations  the  temperatures  remained 
steady,  but  the  factor  changed  from  1- '00028  to  1  - '00034. 
Thus  the  resistance  of  the  100-ohm  coil  apparently  changed  by 
•034- -028,  or  '006  ohm. 

The  apparatus  was  not  sensitive  with  a  smaller  current;  the 
effect,  however,  will  vary  as  the  square  of  the  current ;  and,  since 
trebling  the  current  produces  so  small  a  change,  we  may  infer  that 
the  total  effect  is  itself  small. 

Another  coil  gave  the  following  results : — 


Current  in  Amperes 

Shunt  in  1000  Ohms 

Correcting  Factor 

•05 

48 

1  -  -000208 

•09 

45 

•000222 

•12 

43 

•000233 

•14 

41 

•000244 

•15 

40 

•000250 

indicating  a  change  in  the  measured  resistance  of  '0042  ohm  on 
100  ohms. 

It  is  clear,  therefore,  that  the  effect  of  heating  is  small,  though 
appreciable  when  currents  approaching  '15  ampere  are  used. 


*  Only  one  observation  at  this  current  was  made  ;  the  others  are  the  mean  of 
several. 
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APPENDIX  III. 

On  Standards  of  Low  Electrical  Resistance.  By  J.  YIRIAMU 
JONES,  Principal  and  Professor  of  Physics  in  the  University 
College,  Cardiff. 

The  preparation  of  standards  of  low  electrical  resistance  of  from 
•001  to  '0001  ohm  seems  to  be  a  matter  of  some  importance  at  the 
present  time.  These  standards  are  already  in  request  among 
engineers,  and  it  becomes  of  interest  to  consider  how  they  may 
best  be  measured  to  a  percentage  accuracy  comparable  with  that 
with  which  the  standard  ohm  is  known. 

Such  standards  of  low  resistance  may  be  derived  by  potentio- 
meter methods  from  the  standard  ohm  by  a  series  of  downward 
steps.  But  this  is  from  one  point  of  view  roundabout.  The 
method  of  measuring  the  ohm  that  seems  in  all  its  details  most 
accurate  is  that  of  Lorenz.  In  this  method  the  ohrn  itself  is  derived 
from  the  measurement  of  a  small  resistance.  It  is  simply  going 
up  and  down  again  to  prepare  from  the  ohm  so  derived  the  required 
small  resistance  standards,  and  it  is  more  direct  and  more  accurate 
to  measure  the  latter  directly  in  absolute  measure. 

"  In  Lorenz's  method  a  metallic  disc  is  made  to  rotate  in  the 
mean  plane  of  a  coaxial  standard  coil.  Wires  touching  the  centre 
and  circumference  of  the  disc  are  led  to  the  ends  of  the  resistance 
to  be  measured,  and  the  same  current  is  passed  through  this 
resistance  and  the  standard  coil.  The  connexions  being  rightly 
made,  we  may  by  varying  either  the  rate  of  rotation  of  the  disc  or 
the  resistance  measured  so  arrange  matters  as  to  have  no  change 
of  current  in  the  circuit  of  the  disc  and  wires  joining  it  to  the  ends 
of  the  resistance,  when  the  direction  of  the  current  through  the 
resistance  and  the  standard  coil  is  changed.  When  this  arrange- 
ment is  effected  there  is  a  balance  between  the  electromotive  force, 
due  to  the  motion  of  the  disc  in  the  magnetic  field  of  the  current 
in  the  standard  coil,  and  the  difference  of  potential  at  the  ends  of 
the  resistance,  due  to  the  current  traversing  it.  If  this  adjust- 
ment be  made  we  will  say  that  the  apparatus  is  in  an  equilibrium 
position*." 

*  Vide  Phil.  Trans.  1891,  A.  p.  2,  "On  the  Determination  of  the  Specific 
Resistance  of  Mercury  in  Absolute  Measure." 
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If  M  —  coefficient  of  mutual  induction  of  standard  coil  and 

circumference  of  disc, 
?i  =  rate  of  rotation  of  disc  (number  of  revolutions  per 

second), 
R  =  resistance, 

7  =  current  through  standard  coil  and  resistance, 
then  in  an  equilibrium  position 

Mny  =  Ry, 
or  R  =  Mn. 

I  do  not  think  that  electricians  have  as  yet  realised  the  accuracy 
and  ease  with  which  absolute  measurements  of  resistance  may  be 
made  by  this  method.  The  absolute  measurement  involves 
measuring  first  the  coefficient  of  mutual  induction  of  the  standard 
coil  and  the  circumference  of  the  rotating  disc,  and  secondly  the 
rate  of  rotation  of  the  disc. 

Now  it  lies  well  within  the  resources  of  modern  mechanical 
engineering  to  make  a  standard  coil  and  disc  of  dimensions  known 
to  an  accuracy  considerably  greater  than  1  in  10,000,  the  coil  being 
constructed  of  a  single  layer  of  wire  wound  in  a  screw  thread  cut 
on  a  cylinder  of  large  diameter ;  and  the  measurement  of  the  rate 
of  rotation  to  equal  accuracy  is  a  simple  matter.  There  is  difficulty 
in  maintaining  a  rate  of  rotation  constant  to  this  figure  for  four  or 
five  minutes,  but  with  the  closest  attention  to  the  lubrication  of 
all  the  bearings  this  also  might  be  accomplished.  Such  constancy 
is  well  worth  striving  for,  as  the  ease  with  which  measurements  of 
resistance  can  be  made  by  the  method  largely  depends  upon  it. 

I  do  not  propose  on  this  occasion  to  enter  into  the  details  of 
the  method  I  have  adopted  in  making  the  measurements,  the 
results  of  which  I  have  now  to  bring  before  the  Section.  But  it 
will  perhaps  be  of  interest  if  I  say  a  few  words  about  the  time- 
measurement. 

In  measuring  a  resistance  we  have  to  find  the  rate  of  rotation 
corresponding  to  an  equilibrium  position.  It  is  easiest  in  practice  to 
determine  this  by  interpolation  from  two  determined  rates  of  rotation 
(near  together,  and  respectively  slower  and  faster  than  the  required 
rate)  and  the  galvanometer  deflections  corresponding  to  them,  so 
that  each  determination  of  resistance  involves  two  determinations 
of  galvanometer  deflection  and  the  rates  of  rotation  corresponding 
to  them. 
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In  order  that  the  galvanometer  deflection  may  be  obtained 
with  sufficient  accuracy  from  a  limited  number  of  reversals  (in 
my  observations  the  number  has  been  almost  uniformly  thirty- 
three,  taking  about  four  minutes  in  each  case)  the  brush  at  the 
circumference  of  the  disc  needs  to  be  perforated  and  to  be  supplied 
with  a  constant  stream  of  mercury.  Such  a  brush  in  its  best 
condition  almost  entirely  eliminates  the  continual  jerking  of  the 
galvanometer  needle  consequent  on  thermo-electric  changes  at 
the  point  of  contact  of  brush  and  disc.  A  multiplication  of  such 
brushes  at  three  or  four  points  of  the  circumference  would  do  this 
even  more  completely. 

During  the  four  or  five  minutes'  run  the  rate  of  rotation  is 
referred  by  a  stroboscopic  method  to  a  suitable  tuning-fork  pro- 
vided with  riders  and  maintained  in  vibration  electrically.  The 
observer  at  the  fork  can  shunt  more  or  less  current  through  the 
electromotor  driving  the  disc,  and  in  this  way  maintains  the  rate 
of  rotation  as  constant  as  he  can.  But  though  the  electrically 
maintained  fork  is  useful  for  purposes  of  control  it  cannot  be  relied 
on  to  give  us  the  rate  of  rotation.  Its  vibration  period  is  not 
within  my  experience  constant  to  the  degree  of  accuracy  required. 
If  stopped  and  set  going  again  it  may  start  with  a  period  different 
by  several  parts  in  10,000.  No  previous  determination  of  the 
period  of  the  fork  can  therefore  be  relied  on  to  give  us  the  rate  of 
rotation,  though  once  started  the  fork  goes  sufficiently  uniformly 
to  give  us  a  means  of  control. 

Accordingly  it  is  necessary  to  measure  the  rate  of  rotation 
during  each  run  while  the  galvanometer  observations  are  being 
made.  The  rotating  disc  is,  by  means  of  an  eccentric  attached  to 
its  axle,  made  to  record  its  revolutions  on  the  tape  of  a  Bain's 
electro-chemical  telegraph  instrument  side  by  side  with  the  record 
of  the  standard  clock.  We  have,  then,  a  time  record  exactly  corre- 
sponding to  the  period  of  observation  of  the  galvanometer  deflec- 
tions. During  the  run  the  observer  at  the  galvanometer  calls  out 
the  galvanometer  readings,  while  the  observer  at  the  tuning-fork 
controls  the  speed,  and  the  Bain's  instrument  records  it. 

I  have  made  in  this  way  a  number  of  measurements  during  the 
months  of  July  and  August  of  a  standard  resistance  of  approxi- 
mately '0005  ohm,  prepared  last  year  by  my  assistant,  Mr  Harrison, 
and  a  student  in  my  laboratory,  Mr  Parker,  with  the  following 
results : — 
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July  17,  morning  -00050016 

„  17,  afternoon  -00050016 

„  19,  morning  -00050015 

Aug.  2,  afternoon  -00050020 

„  3,  morning  -00050021 

„  4,  „  -00050016 

„  4,  afternoon  -00050013 

„  5,  morning  -00050019 

„  9,  „  .-00050021 

„  9,  afternoon  -Q0050018 

Mean  -00050017 

The  maximum  divergence  from  the  mean  is  '00000004,  or  about 
one  part  in  12,000.  Mr  Crompton  has  recently  been  issuing 
standards  of  low  resistance  made  of  manganin  sheets,  and  he  was 
kind  enough,  at  my  suggestion,  to  send  me  one  for  measurement 
towards  the  end  of  July.  It  was  prepared  in  his  laboratory  as 
a  derivative  from  the  Cambridge  ohm  by  means  of  his  poten- 
tiometer. Its  value  so  given  was  '00050175  at  23°  C.  Its 
temperature  coefficient  appears,  from  the  measurements  made  in 
Mr  Crompton's  laboratory,  to  be  so  small  that  we  need  hardly 
consider  it  for  our  present  purpose.  My  measurements  of  this 
standard  were  as  follows : — 

July  29,  morning           -00050219 

Aug.    1,         „                 -00050225 

„       1,  afternoon         -00050219 

„       2,  morning           -00050226 

Mean         -00050222 

which  differs  from  Mr  Crompton's  value  by  something  less  than 
one  part  in  1000.  Mr  Crompton's  resistance  is  a  rectangular  sheet 
of  manganin,  and  the  potential  terminals  are  two  screws  inserted 
at  a  suitable  distance  apart  in  the  median  line.  The  screws  are 
not  soldered.  I  thought  it  would  be  of  interest  to  unscrew  them, 
screw  them  up  again,  and  remeasure  the  resistance.  The  results 
were : — 

August  10,  morning      -00050328 

„       10,  afternoon '00050322 

„       10,         „  -00050327 

Mean         -00050326 

indicating  a  variation  of  about  one  part  in   500.  I   unscrewed 

them  again,  and  after  screwing  them  up  made  a  new  measure- 
ment with  the  following  results : — 

B.  A.  31 


482      PRACTICAL   STANDARDS   FOR   ELECTRICAL   MEASUREMENTS 

August  11,  morning      -00050398 

„       12,         „  -00050403 

Mean         -00050401 

which,  compared  with  the  first  value  '00050222,  shows  a  variation 
of,  approximately,  one  part  in  280. 

We  may  therefore  conclude  that  if  an  accuracy  of  T^th  per  cent, 
is  required  of  a  standard  so  constructed  its  potential  terminals 
ought  not  to  be  meddled  with  after  its  resistance  has  been 
determined. 

In  making  these  measurements  my  direct  object  has  been  to 
obtain  an  accurate  and  ready  method  of  measuring  standards  of 
low  resistance.  But  I  think  something  more  than  this  comes  out 
of  them.  It  would  be  possible  in  the  light  of  our  present  ex- 
perience to  construct  a  Lorenz  apparatus  considerably  more 
accurate  and  easier  to  use  than  that  in  my  laboratory  at  Cardiff. 
Such  an  apparatus  placed,  let  us  suppose,  in  the  National  Labo- 
ratory, of  which  we  have  heard  a  good  deal  at  recent  meetings  of 
the  British  Association,  might  with  advantage  be  kept  in  constant 
use,  not  only  for  the  calibration  of  low  resistances,  but  also  as 
embodying  in  concrete  form  a  proper  ultimate  standard  of  electrical 
resistance.  We  have  not  in  our  electrical  standard  legislation 
given  full  credit  to  the  mechanical  engineer  for  what  he  can  do  for 
us ;  and  I  think  that  a  coefficient  of  mutual  induction  arranged,  as 
in  the  Lorenz  method,  so  as  to  be  easily  combined  with  a  time 
would  afford  a  more  satisfactory  standard  of  resistance  than  any 
wire  coil  or  coils,  and  one  easier  to  use  for  purposes  of  ultimate 
reference  than  any  mercury  column. 
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THE  Committee  regret  that  the  insulation  of  some  of  the  coils 
referred  to  in  their  last  Report,  which  had  been  selected  for  the 
new  standards  of  resistance,  as  denned  by  the  resolutions  adopted 
at  Edinburgh,  has  proved  defective.  Traces  of  acid  have  been 
discovered  in  the  paraffin  with  which  the  coils  were  filled.  The 
two  1-ohm  standards  of  the  Association,  as  well  as  two  of  the 
1-ohm  standards  of  the  Board  of  Trade,  were  found  in  January 
last  to  have  so  low  an  insulation  resistance  between  the  coil  and 
the  case  as  to  be  useless. 

Thus  the  labour  spent  in  the  testing  of  these  coils  has  been 
wasted ;  much  of  it  will  need  to  be  done  again.  The  insulation  of 
some  of  the  other  standard  ohm  coils  is  not  satisfactory.  The 
single  ohm  standards  have  therefore  been  remade,  and  the  others 
are  being  refilled  with  carefully  selected  paraffin.  The  original 
B.  A.  units  have  not,  so  far  as  comparisons  between  them  can  show, 
changed  their  values  during  the  year,  and  one  set  of  new  ohm 
standards  also  has  shown  no  sign  of  change. 

31—2 
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The  Committee  print,  as  an  appendix  to  the  Report,  the  Report 
of  the  proceedings  at  the  International  Congress  at  Chicago, 
presented  to  the  Secretary  of  State  at  Washington  by  the 
American  delegates  to  the  conference. 

During  the  year  Professor  J.  V.  Jones  has  determined,  by  the 
aid  of  his  Lorenz  apparatus,  the  absolute  resistance  of  certain 
wire  coils  of  about  O'l  ohm.  These  have  been  compared  with 
the  standards  of  the  Association  by  the  Secretary.  An  account 
of  these  experiments  is  contained  in  Appendices  II.  and  III. 
The  resistance  standards  of  the  Association  have  been  compared 
with  those  of  the  Board  of  Trade  by  Mr  Rennie  and  the  Secretary. 
Details  of  this  comparison  will  be  found  in  Appendix  IV.,  while 
in  Appendix  V.  is  given,  by  Mr  E.  0.  Walker,  an  account  of  a 
comparison  between  five  coils  belonging  to  the  Indian  Government, 
which  have  been  for  twenty-four  years  in  India,  .and  Dr  Muirhead's 
standards.  Mr  Fitzpatrick  has  continued  his  work  on  the  specific 
resistance  of  copper,  and  has  drawn  up  a  table  (see  Appendix  VI.) 
reducing  to  the  same  units  experimental  results  recently  obtained 
by  various  observers.  Appendix  VII.  contains  the  Final  Report 
of  the  Electrical  Standards  Committee  of  the  Board  of  Trade 
and  the  Order  in  Council  relating  to  Standards  for  Electrical 
Measurements. 

In  consequence  of  the  difficulty  met  with  in  the  insulation  of 
some  of  the  coils,  it  was  thought  well  to  defer  the  purchase  of  other 
coils  for  which  the  grant  of  £25  was  obtained  last  year.  The 
Committee  are  of  opinion  that  it  is  desirable  to  complete  their 
set  of  standards  by  obtaining  from  Germany  certified  copies  of 
the  standards  of  the  Reichsanstalt.  They  recommend,  therefore, 
that  they  be  reappointed,  with  the  addition  of  the  name  of 
Mr  Rennie,  and  with  a  grant  of  £25 ;  that  Professor  G.  Carey 
Foster  be  Chairman  and  Mr  R.  T.  Glazebrook  Secretary. 
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APPENDIX  I. 

Report  of  the  Action  of  the  International  Electrical  Congress 
held  in  Chicago,  August  1893,  in  the  Matter  of  Units  of 
Electrical  Measure. 

WASHINGTON,  D.C. 
November  6,  1893. 

THE  HON.  W.  Q.  GRESHAM,  Secretary  of  State,  Washington,  D.C. 

SIR, — The  undersigned,  having  been  designated  by  you  on 
May  12,  1893,  as  delegates  to  represent  the  United  States  in  the 
International  Electrical  Congress  to  be  held  in  August  at  Chicago, 
beg  to  submit  herewith  a  brief  report  showing  the  definitive  action 
of  said  Congress  in  the  matter  of  defining  and  naming  units  of 
electrical  measure.  The  consideration  of  this  important  subject 
was  left  to  what  was  known  as  the  "  Chamber  of  Delegates "  of 
the  Congress,  consisting  only  of  those  who  had  been  officially 
commissioned  by  their  respective  Governments  to  act  as  members 
of  said  Chamber.  After  conference  and  correspondence  with  the 
leading  electricians  of  Europe,  it  had  been  agreed  that  the  maximum 
number  of  such  delegates  to  be  allowed  to  one  nation  should  be 
five,  and  this  number  was  allotted  to  the  United  States,  Great 
Britain,  Germany,  and  France.  Other  nations  were  allowed  three 
or  two,  and  in  some  instances  one. 

Delegates  present  and  taking  part  in  the  discussions  and  action 
of  the  Chamber  were  as  follows  : — 

Representing  the  United  States. 

Professor  H.  A.  Rowland,  Johns  Hopkins  University,  Balti- 
more, Md. 

Dr  T.  C.  Mendenhall,  Superintendent  of  U.S.  Coast  and 
Geodetic  Survey,  and  of  Standard  Weights  and  Measures, 
Washington,  D.C. 

Professor  H.  S.  Carhart,  University  of  Michigan,  Ann  Arbor, 
Mich. 

Professor  Elihu  Thomson,  Lynn,  Mass. 

Dr  E.  L.  Nichols,  Cornell  University,  Ithaca,  N.Y. 
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Representing  Great  Britain. 

W.  H.  Preece,  F.R.S.,  Engineer-in-Chief  and  Electrician,  Post 
Office,  England;  President  of  the  Institution  of  Electrical 
Engineers,  London. 

W.  E.  Ayrton,  City  and  Guilds  of  London  Central  Institution, 
Exhibition  Road,  London. 

Professor  Silvanus  P.  Thompson,  D.Sc.,  F.R.S.,  Principal  of  the 
City  and  Guilds  Technical  College,  Finsbury,  London. 

Alex.  Siemens,  12  Queen  Anne's  Gate,  Westminster, 
London,  S.W. 

Representing  France. 

E.  Mascart,  Mernbre  de  1'Institut,  176  Rue  de  I'Universite, 
Paris. 

T.  Violle,  Professeur  au  Conservatoire  des  Arts  et  Metiers, 
89  Boulevard  St  Michel,  Paris. 

De  la  Touanne,  Telegraph  Engineer  of  the  French  Government, 
13  Rue  Soufflot,  Paris. 

Edouard  Hospitalier,  Professeur  a  1'Ecole  de  Physique  et  de 
Chimie  industrielle  de  la  ville  de  Paris;  Vice-President  de  la 
Societe  internationale  des  Electriciens,  6  Rue  de  Clichy,  Paris. 

Dr  S.  Leduc,  5  Quai  Fosse,  Nantes. 

Representing  Italy. 

Comm.  Galileo  Ferraris,  Professor  of  Technical  Physics  and 
Electro-technics  in  the  R.  Museo  Industriale,  Turin,  Via  Venti 
Settembre  46. 

Representing  Germany. 

H.E.  Hermann  von  Helmholtz,  President  der  physikalisch- 
technischen  Reichsanstalt,  Professor  a.  d.  Universitat,  Berlin, 
Charlottenburg  bei  Berlin. 

Dr  Emil  Budde,  Berlin  N.W.  Klopstockstrasse  53. 

A.  Schrader,  Regierungsrath,  Mitglied  des  kaiserl.  Patentamts, 
Berlin. 

Dr  Ernst  Voit,  Professor  an  der  technischen  Hochschule, 
Miinchen,  Schwanthalerstrasse  73-3. 

Dr  Otto  Lummer,  Mitglied  der  physikalisch-technischen 
Reichsanstalt,  Charlottenburg,  Berlin. 
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Representing  Mexico. 
Augustin  W.  Chavez,  city  of  Mexico. 

Representing  Austria. 
Dr  Johann  Sahulka,  Technische  Hochschule,  Wien. 

Representing  Switzerland. 

A.  Palaz,  professeur,  Lausanne. 

Rene  Thury,  ingenieur,  Florissant,  Geneve. 

Representing  Sweden. 
M.  Wennman,  Byrachef  i  Rougle  Telegrafstyrelsen,  Stockholm. 

Representing  British  North  America. 

Ormond  Higman,  Electrician,  Standards  Branch,  Inland 
Revenue  Department,  Ottawa. 

His  Excellency  Dr  H.  von  Helmholtz  was  made  Honorary 
President  of  the  Congress;  Dr  Elisha  Gray,  of  Chicago,  was 
Chairman  of  the  General  Congress ;  and  Professor  H.  A.  Rowland, 
of  Baltimore,  was  President  of  the  Chamber  of  Delegates. 

Meetings  of  the  Chamber  continued  during  six  days,  at  the 
end  of  which  its  members  unanimously  agreed  in  the  adoption  of 
the  following  resolution : — 

Resolved,  That  the  several  Governments  represented  by  the 
delegates  of  this  International  Congress  of  Electricians  be,  and 
they  are  hereby,  recommended  to  formally  adopt  as  legal  units 
of  electrical  measure  the  following:  As  a  unit  of  resistance,  the 
international  ohm,  which  is  based  upon  the  ohm  equal  to  109  units 
of  resistance  of  the  C.G.S.  system  of  electro- magnetic  units,  and  is 
represented  by  the  resistance  offered  to  an  unvarying  electric 
current  by  a  column  of  mercury  at  the  temperature  of  melting  ice 
14'4521  grammes  in  mass,  of  a  constant  cross-sectional  area  and  of 
the  length  of  106'3  cm. 

As  a  unit  of  current,  the  international  ampere,  which  is  one- 
tenth  of  the  unit  of  current  of  the  C.G.S.  system  of  electro -magnetic 
units,  and  which  is  represented  sufficiently  well  for  practical  use 
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by  the  unvarying  current  which,  when  passed  through  a  solution 
of  nitrate  of  silver  in  water,  and,  in  accordance  with  accompanying 
specifications*,  deposits  silver  at  the  rate  of  0*001118  of  a  gramme 
per  second. 

As  a  unit  of  electromotive  force,  the  international  volt,  which 
is  the  electromotive  force  that,  steadily  applied  to  a  conductor 
whose  resistance  is  one  international  ohm,  will  produce  a  current 
of  one  international  ampere,  and  which  is  represented  sufficiently 
well  for  practical  use  by  |J§J  of  the  electromotive  force  between 
the  poles  or  electrodes  of  the  voltaic  cell  known  as  Clark's  cell,  at 
a  temperature  of  15°  C.,  and  prepared  in  the  manner  described  in 
the  accompanying  specification  f. 

As  a  unit  of  quantity,  the  international  coulomb,  which  is  the 
quantity  of  electricity  transferred  by  a  current  of  one  international 
ampere  in  one  second. 

As  a  unit  of  capacity,  the  international  farad,  which  is  the 
capacity  of  a  condenser  charged  to  a  potential  of  one  international 
volt  by  one  international  coulomb  of  electricity. 

*  In  the  following  specification  the  term  silver  voltameter  means  the  arrange- 
ment of  apparatus  by  means  of  which  an  electric  current  is  passed  through  a 
solution  of  nitrate  of  silver  in  water.  The  silver  voltameter  measures  the  total 
electrical  quantity  which  has  passed  during  the  time  of  the  experiment,  and  by 
noting  this  time  the  time  average  of  the  current,  or,  if  the  current  has  been  kept 
constant,  the  current  itself,  can  be  deduced. 

In  employing  the  silver  voltameter  to  measure  currents  of  about  one  ampere 
the  following  arrangements  should  be  adopted: — 

The  cathode  on  which  the  silver  is  to  be  deposited  should  take  the  form  of  a 
platinum  bowl  not  less  than  10  centimetres  in  diameter  and  from  4  to  5  centimetres 
in  depth. 

The  anode  should  be  a  plate  of  pure  silver  some  30  sq.  cm.  in  area  and 
2  or  3  mm.  in  thickness. 

This  is  supported  horizontally  in  the  liquid  near  the  top  of  the  solution  by  a 
platinum  wire  passed  through  boles  in  the  plate  at  opposite  corners.  To  prevent 
the  disintegrated  silver  which  is  formed  on  the  anode  from  falling  on  to  the 
cathode,  the  anode  should  be  wrapped  round  with  pure  filter  paper,  secured  at 
the  back  with  sealing-wax. 

The  liquid  should  consist  of  a  neutral  solution  of  pure  silver  nitrate,  containing 
about  15  parts  by  weight  of  the  nitrate  to  85  parts  of  water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the  current  passes. 
To  prevent  these  changes  having  too  great  an  effect  on  the  current,  some 
resistance  besides  that  of  the  voltameter  should  be  inserted  in  the  circuit.  The 
total  metallic  resistance  of  the  circuit  should  not  be  less  than  10  ohms. 

t  A  committee,  consisting  of  Messrs  Helmholtz,  Ayrton,  and  Carhart,  was 
appointed  to  prepare  specifications  for  the  Clark's  cell.  Their  report  has  not 
yet  been  received. 
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As  a  unit  of  work,  the  joule,  which  is  equal  to  107  units  of 
work  in  the  C.G.S.  system,  and  which  is  represented  sufficiently 
well  for  practical  use  by  the  energy  expended  in  one  second  by  an 
international  ampere  in  an  international  ohm. 

As  a  unit  of  power,  the  watt,  which  is  equal  to  107  units  of 
power  in  the  c.G.s.  system,  and  which  is  represented  sufficiently 
well  for  practical  use  by  the  work  done  at  the  rate  of  one  joule  per 
second. 

As  the  unit  of  induction,  the  henry,  which  is  the  induction  in  a 
circuit  when  the  electromotive  force  induced  in  this  circuit  is  one 
international  volt,  while  the  inducing  current  varies  at  the  rate  of 
one  ampere  per  second. 

The  Chamber  also  voted  that  it  was  not  wise  to  adopt  or 
recommend  a  standard  of  light  at  the  present  time. 

A  more  complete  report  of  the  operations  of  the  Chamber  will 
shortly  be  forwarded.  This  brief  resume  of  its  definite  action  in 
reference  to  the  matter  of  units  is  now  submitted  to  facilitate  the 
prompt  dissemination  among  representatives  of  foreign  Govern- 
ments of  the  important  results  of  a  congress  of  whose  success  and 
fruitfulness  the  United  States  may  justly  be  proud. 

H.  A.  ROWLAND.  ELIHU  THOMSON. 

T.  C.  MENDENHALL.       E.  L.  NICHOLS. 
H.  S.  CARHART. 


APPENDIX  II. 

On  a  Determination  of  the  International  Ohm  in  Absolute  Measure. 
By  Professor  J.  V.  JONES,  F.R.S.,  Principal  of  the  University 
College  of  South  Wales  and  Monmouthshire,  Cardiff. 

The  apparatus  for  the  absolute  measurement  of  electrical 
resistance  in  my  laboratory  at  Cardiff  was  completed  in  1890,  and 
I  first  used  it  for  the  determination  of  the  specific  resistance  of 
mercury  in  absolute  measure*.  This  determination  was  made  by 
direct  measurement  on  a  mercury  column  contained  in  a  trough 

*  Phil.  Trans.,  1891,  A. 
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of  paraffin  wax.     The  results  of  five  complete  sets  of  observations 
were  as  follows : — 

94103 

94074 

94093 

94045 

94021 

The  mean  of  these  is  94067 ;  and  the  extreme  variation  from 
the  mean  is  46,  or  about  four  parts  in  10,000. 

I  suspected  that  much  of  the  variation  was  due  to  the  paraffin 
trough,  the  temperature  of  which  varied  slightly  (about  half  a 
degree)  during  the  observations,  and  was  not  accurately  measurable 
owing  to  the  low  conductivity  of  the  material.  With  variation  of 
temperature  there  was  variation  of  breadth,  and  the  breadth  of  the 
trough  entered  as  a  primary  factor  into  the  calculation  of  the  specific 
resistance. 

When  I  proceeded  to  use  the  apparatus  for  the  measurement 
of  low-resistance  standards  of  solid  metal  this  was  conclusively 
shown  to  be  the  case.  I  brought  a  set  of  measurements  made  on 
such  a  standard  under  the  attention  of  the  Section  last  year  at 
Nottingham,  in  which  the  extreme  variation  from  the  mean  was 
only  about  one  part  in  12,000. 

This  may  be  taken  to  be  the  normal  performance  of  the 
apparatus ;  and  seeing  that  it  is  an  instrument  of  such  precision, 
it  seemed  to  me  of  interest  to  determine  by  the  use  of  solid 
metal  standards  the  relation  between  its  indications  and  the 
results  obtained  by  other  observers  for  the  value  of  the  ohm. 

With  this  end  in  view  I  obtained  four  coils  from  Messrs  Nalder 
Brothers — two  platinum -silver  ten-ohm  coils  and  two  manganin 
tenth-ohm  coils.  Mr  Glazebrook  has  measured  them  in  terms  of 
the  international  ohm ;  and  I  am  much  indebted  to  him  for  the 
pains  he  has  been  kind  enough  to  take  in  making  the  determi- 
nation. The  following  table  gives  their  resistances  and  temperature 
coefficients: — 


Coil  Number 

Resistance  in  International 
Ohrn  (Glazebrook) 

Temperature  Coefficients 
(Nalder) 

3873 
3874 
4274 
4275 

9-9919  at  14-8°  C. 
9-9926  at  14-9°  C. 
•100050  at  15  2°  C. 
•100053  at  15-2°  C. 

•000300 
•000276 
•000013 
•000013 
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These  coils  were  arranged  in  manner  similar  to  that  adopted 
by  Lord  Rayleigh  in  his  determination  of  the  ohm  by  the  method 
of  Lorenz  (see  fig.  1). 

If  there  is  no  current  through  the  galvanometer,  there  is 
equality  between  the  E.M.F.  due  to  the  rotation  of  the  disc  in 
the  field  of  the  standard  coil  and  the  E.M.F.  due  to  the  current 


Fig.  1. 


RI,  RZ,  10-ohm  coils. 
^s>  -^4»  'l-ohm  coils. 

B,  Battery. 

G,  Galvanometer. 

D,  Rotating  disc. 
KK,  Standard  coil. 

through  RI',  and  we  have,  if  Rl}  R2,  Rs,  R4  are  the  values  of  the 
four  resistance  coils  in  international  ohms,  and  if  x  is  the  value  of 
the  international  ohm  in  absolute  measure, 


7?^7?  AR^r  =  Jl/"' 

-il/|  ~f~   J-v:2  ~T~  -^^3  ~i    *£l>4 

where  M  =  the  coefficient  of  mutual  induction  of  the  standard  coil 
and  the  circumference  of  the  disc,  and  n  =  the  rate  of  rotation  of 
the  disc. 

The  resistance  coils  are  of  B.  A.  pattern.  They  were  immersed 
in  water,  and  the  temperatures  of  thermometers  within  the  coil 
frames  were  read  before  and  after  each  observation.  A  wooden 
box  surrounded  the  four  cans  containing  the  coils. 

The  method  of  making  the  observations  was  the  same  as  that 
described  in  the  paper  I  read  before  the  Section  last  year  (vide 
Electrical  Standards  Committee  Report,  1893). 
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The  results  are  as  follows,  the  figure  in  each  case  giving  the 
value  of  the  international  ohm  in  true  ohms. 

July    7. — Standard    coil    carefully    adjusted.      Three-minute 

tapes. 

•999703 

•999761 

•999807 

Mean         ...         -999757 

July    9. — No    readjustment    of    standard    coil.      One-minute 

tapes. 

•999757 
•999711 
•999683 
•999782 
Mean  ...  '999733 

July    10,   morning. — Standard   coil    readjusted.     One-minute 

tapes. 

•999734 

•999818 

•999726 

Mean        ...         -999759 

July  10,  afternoon. — No  readjustment  of  standard  coil.    Three- 
minute  tapes. 

•999708 
•999742 
•999764 


Mean  -999738 


July  11,  afternoon. — Standard  coil  readjusted.     Three-minute 
tapes. 


•999693 
•999692 
•999679 
Mean        ...         -999688 

July  12,  morning. — No  readjustment  of  standard  coil.     Resist- 
ance coils  reversed.    Three-minute  tapes. 

•999713 

•999711 

•999692 

Mean  -999705 
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July   12,   afternoon. — Standard    coil    readjusted.      Resistance 
coils  removed  from  the  mercury  cups  and  replaced.     Three- minute 

tapes. 

•999774 

•999787 

•999759 

Mean         ...         -999773 

July  13. — Standard  coil  readjusted.     Resistance  coils  removed 
from  mercury  cups  and  replaced.     Three-minute  tapes. 

•999847 


•999782 

•999842  (morning  of  the  14th) 
Mean         ...         -999820 

July  14,  morning. — Standard  coil  readjusted.  Resistance  coils 
removed  and  replaced.  Three-minute  tapes. 

•999695 

•999692 

•999717 

Mean         ...         -999701 

July  14,  afternoon. — Standard  coil  readjusted.  Resistance  coils 
removed  and  replaced.  Three-minute  tapes. 

•999853 

•999866 

•999875 

Mean         ...         -999865 

It  is  clear  that  in  the  above  series  the  chief  variations  are  due 
to  changes  consequent  on  readjustment  of  the  standard  coil, 
and  the  removal  and  replacement  of  the  resistance  coils  in  their 
mercury  cups.  Counting  as  independent  only  those  of  the 
observations  before  which  there  was  readjustment  of  the  standard 
coil  or  removal  of  the  resistance  coils  from  the  mercury  cups,  the 

general  mean  is 

•99976. 

The  maximum  variation  from  the  mean  is  '000106,  or  about 
one  part  in  10,000. 
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Assuming  that  the  international  ohm  is  the  resistance  of  a 
column  of  mercury  at  0°  of  1  sq.  mm.  sectional  area,  and  106'30  cm. 
long,  we  have  as  a  result  of  the  above  measurement  that  the  true 
ohm  is  the  resistance  of  a  column  of  mercury  of  the  same  sectional 
area  and  106 "3 2 6  cm.  long. 

The  figure  I  arrived  at  in  1890,  working  direct  on  mercury, 
was  106'307,  with  a  probable  error  of  +  'Oil.  The  new  result  is 
therefore  a  little  larger  than  I  was  prepared  for.  The  accuracy  of 
the  result  depends  primarily  on — 

(i)  The  accuracy  with  which  the  resistance  coils  are  known  in 
terms  of  the  international  ohm. 

(ii)  The  accuracy  with  which  their  temperatures  are  known 
at  the  times  of  observation. 

(iii)  The  accuracy  with  which  the  coefficient  of  mutual 
induction  of  the  coil  and  disc  has  been  determined. 

Upon  the  first  point  I  can  say  little.  Mr  Glazebrook  knows 
better  than  anyone  to  what  figure  the  values  of  the  resistances 
may  be  relied  on. 

The  effect  of  error  in  estimation  of  the  temperatures  of  the 
coils  can  be  but  slight.  The  observations  have  been  made  in  two 
ways,  viz.,  with  one-minute  tapes,  the  current  being  put  on  only 
during  the  time  of  observation,  and  with  three-minute  tapes,  the 
current  being  kept  on  continuously,  whether  observations  were 
being  made  or  not.  During  the  last  few  days  of  the  observations 
the  current  was  kept  passing  through  the  coils  night  and  day. 
I  have  calculated  the  effect  that  would  be  produced  on  the  result 
obtained  with  one-minute  tapes  if  all  the  heat  generated  by  the 
current  were  to  remain  in  the  coils — an  extreme  case,  obviously 
less  favourable  than  the  actual  conditions.  It  is  something  less 
than  two  parts  in  100,000.  The  smallness  of  the  effect  is  due  to 
the  fact  that  if  7  is  the  main  current,  a  current  equal  to  f§j7 
passes  through  the  tenth-ohm  manganin  coil  with  its  small 
temperature  coefficient,  and  only  -^  7  through  the  platinum-silver 
coils ;  while  the  effect  of  underestimating  the  temperature  of  the 
manganin  tenth-ohm  coil  is  to  produce  an  error  in  the  result 
opposite  in  sign  to  that  produced  by  underestimating  the  tem- 
perature of  the  platinum-silver  coils. 

There  cannot,  then,  in  the  case  of  the  one-minute  tape 
observations  be  an  appreciable  error  due  to  underestimation  of 
the  temperature.  But  the  first  four  sets  of  observations  show 
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that  the  results  of  the  one-minute  tape  observations  and  the 
three-minute  tape  observations  are  practically  the  same.  Hence 
it  follows  that  to  the  degree  of  accuracy  aimed  at  our  results  are 
unaffected  by  error  due  to  underestimation  of  the  temperature. 

It  remains  to  consider  the  accuracy  with  which  the  coefficient 
of  mutual  induction  of  the  coil  and  disc  is  known. 

To  calculate  this  coefficient  we  must  know  the  radius  of  the 
disc  and  the  mean  radius  of  the  coil.  The  circumference  of  the 
disc  is  a  sufficiently  true  circle,  the  disc  having  been  ground  true 
in  place.  The  measurement  of  its  diameter  presented  no  difficulty. 
It  was  determined  on  my  Whitworth  measuring  machine  to  the 
ten-thousandth  of  an  inch. 

The  mean  radius  of  the  coil  cannot  be  determined  with  the 
same  accuracy ;  but  I  believe  that  it  is  known  to  the  thousandth 
of  an  inch.  The  coil  consists  of  a  single  layer  of  silk-covered  wire 
wound  in  a  screw  thread  cut  on  a  brass  frame.  It  was  measured 
along  eighteen  diameters  in  the  Whitworth  machine  with  the 
following  results: — 


Diameter  Measurement 

0°— 180°  21-0898 

10°— 190°  21-0929 


Diameter  Measurement 

90°— 270°  21-1038 

100°_280°  21-1056 


20°— 200°  21-0951  110°— 290°  21-1041 

30°— 210°  21-0933  120°— 300°  21-1014 

40°— 220°  21-0960  130°— 310°  21-0979 

50°— 230°  21-0998  140°— 320°  21-0945 

60°— 240°  21-1017  150°— 330°  21-0924 

70°— 250°  21-1026  160°— 340°  21-0900 

80°— 260°  21-1044  170°— 350°  21-0910 


Max 21-1056 

Min 21-0898 

•0158 


Mean          ...  21*09757 

t=irc. 


These  measures  clearly  show  that  the  coil  is  elliptical  in  section, 
the  difference  between  the  major  and  minor  axes  being  about  '008 
inch,  or  about  one  part  in  1,300. 

In  considering  the  possible  effect  of  this  ellipticity  on  the  result, 
it  must  be  borne  in  mind  that  the  formula  R  =  Mn  implies  that  the 
coil  is  circular.  The  true  formula  is 

/*«! 

R  =  27T7i  I    aHda, 

J  a0 

where  aQ  and  ax  are  the  distances  from  the  centre  of  the  disc  at 


496  PRACTICAL   STANDARDS 

which  the  internal  and  external  brushes  are  applied,  and  H  is  the 
magnetic  force  at  a  distance  a  from  the  centre  when  unit  current 
is  passing  through  the  coil. 

This  is  an  unpleasant  integral  for  an  elliptical  coil,  and  it  has 
not  yet  yielded  to  persuasion.  It  is,  however,  satisfactory  to  note 
that  as  in  my  apparatus  the  brush  radius  makes  but  a  small  angle 
with  the  minor  axis  (about  15°),  I  am,  in  so  far  as  the  ellipticity 
of  the  coil  affects  matters  at  all,  underestimating  the  integral,  and 
hence  underestimating  the  international  ohm.  Any  correction  for 
ellipticity  hereafter  calculated  will  make  the  value  of  the  inter- 
national ohm  deduced  from  my  observations  nearer  to  and  not 
further  from  the  true  ohm. 

It  is  further  to  be  noticed  that  the  formula  R  =  Mn  applies 
only  if  there  is  exact  coincidence  of  the  axes  of  the  disc  and  coil. 
It  has  been  customary  to  consider  the  adjustment  for  centre  as  of 
secondary  importance  in  Lorenz's  method.  It  would  be  so  if  the 
formula  R  =  Mn  were  applicable  when  the  centres  of  coil  and  disc 
do  not  coincide,  for  a  slight  displacement  only  affects  the  coefficient 
of  mutual  induction  to  a  secondary  degree.  But  we  are  not  con- 
cerned with  the  coefficient  of  mutual  induction  in  this  case.  We 
are  concerned  with  another  integral,  viz., 


2-7T      aHda ; 


-   af 


and  the  adjustment  for  centre  is  in  truth  of  primary  importance. 
Special  attention  should  therefore  be  paid  to  this  in  designing 
apparatus  for  the  absolute  measurement  of  resistance  by  this 
method. 

One  other  point  remains  to  be  noticed  in  this  connexion,  viz., 
the  possible  effect  of  the  difference  of  the  temperature  of  the  coil 
and  disc  when  measured  and  when  in  use.  On  calculating  the 
correction  to  be  applied  for  this  cause  I  find  it  negligible. 

Again,  I  would  say,  as  I  said  last  year,  that  the  chief  value  of 
these  observations  consists  in  the  proof  they  afford  of  the  precision 
with  which  the  absolute  measurement  of  resistance  may  be  made 
by  this  method.  A  well-constructed  apparatus  of  the  kind  in  a 
national  laboratory — say  the  Laboratory  of  the  Board  of  Trade — 
will,  I  believe,  prove  to  be  the  best  ultimate  standard  of  electrical 
resistance. 
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APPENDIX  III. 

Comparison  of  the  Standard  Coils  used  by  Professor  Jones  with 
the  Standards  of  the  Association.     By  R.  T.  GLAZEBROOK. 

The  tenth-ohm  standards  of  manganin  wire  whose  value  in 
absolute  measure  was  determined  by  Professor  Jones  by  means  of 
the  experiments  described  in  Appendix  II.  were  compared  with 
the  standards  of  the  Association  in  the  following  manner.  A 
Wheatstone's  bridge  was  formed  in  which  the  arms  were  the 
tenth-ohm  to  be  tested,  two  single-ohm  coils  and  a  ten-ohm  coil ; 
if  the  coils  had  these  values  exactly,  there  would  of  course  always 
have  been  a  balance ;  since,  however,  the  coils  were  not  accurately 
correct  there  was  usually  a  small  current  through  the  galvano- 
meter ;  the  balance,  however,  could  be  obtained  by  placing  a  large 
resistance  as  a  shunt  either  to  one  of  the  one-ohm  coils  or  to  the 
ten-ohm  coil:  this  resistance,  which  varied  from  10,000  to  20,000 
ohms,  was  taken  from  a  good  box  of  coils.  The  resistance  of  the 
ten-ohm  and  of  the  two  one-ohm  coils  being  known,  that  of  the 
tenth-ohm  coil  could  readily  be  found. 

The  four  coils  dipped  into  four  mercury  cups  cut  in  an  ebonite 
block ;  the  bottoms  of  these  cups  were  copper  pieces  some  3  to 
4  mm.  thick. 

Binding  screws  screwed  into  these  copper  pieces  and  rising 
above  the  mercury  served  to  connect  the  bridge  to  the  galvano- 
meter and  the  battery. 

The  mercury  cups  were  somewhat  large — about  2*5  cm.  in 
diameter — and  it  was  found  on  January  1 6  that  distinct  differences 
could  be  observed  by  moving  the  tenth-ohm  coils  slightly  so  as  to 
bring  their  terminals  either  close  to  or  as  far  as  possible  from  the 
feet  of  the  one-ohm  coils  which  dipped  into  the  same  cups.  After 
this  date  two  sets  of  measurements  were  made  for  each  coil  at 
each  observation :  in  the  one  the  terminals  of  the  coils  in  any 
cup  were  put  as  close  together  as  possible,  in  the  other  the 
terminals  of  the  tenth-ohm  coils  were  placed  at  some  distance  from 
those  of  the  other  coil  in  the  same  cup. 

Both  sets  of  values  are  given  in  the  table  as  a  means  of  showing 
the  delicacy  of  the  observations  and  the  error  arising  from  this 
cause.  The  tenth-ohm  coils  were  weighted  so  as  to  press  firmly 
on  to  the  copper  bottoms.  No  variation  was  produced  by  shifting 
the  ten-ohm  coil  in  its  cup. 

B.  A.  32 
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One  or  two  Leclanche  cells  were  used  in  the  various  experi- 
ments: the  coils  were  in  water-baths  and  the  temperatures  read 
by  a  standardised  Kew  thermometer. 
The  standard  coils  used  were  — 

Elliott  264  =  1  +  '000312  (t  -  lo'45). 
Nalder  3715  =  1  +  -000260  (*-  14-95). 
Elliott  289  =  10  +  '002600  (t  -  15-40). 

The  results  of  the  experiments  are  given  in  the  following  tables. 

In  the  results  of  the  experiments  made  after  January  15  the 
two  values  given  correspond  to  the  two  positions  of  the  coil  in  the 
mercury  cup.  They  are  included  to  show  the  magnitude  of  the 
error,  which  may  be  due  to  the  resistance  of  the  copper  bottoms  of 
the  cup. 


Tables  giving  Values  of  Nalder  No.  4274  jj^  No.  389  in 
terms  of  the  Ohm  Standards  of  the  Association. 


Date 

Temperature 

Value  of  Eesistance 

Dec.      29,  1893... 

14-4°  C. 

•100052 

Jan.      13,  1894.. 

15-2 

•100051 

i,         15, 

14-8 

•100056 

„         16, 

15-5 

•100051             -100056 

„        17, 

16-4 

•100049             -100058 

„        27, 

16-9 

•100057             -100066 

Feb.      20, 

14-1 

•100036             -100041 

March  17, 

14-1 

•100045             -100046 

Mean  

15-2 

•100050             -100054 

Values  of  Nalder  No.  4275          No.  390. 


Date 

Temperature 

Value  of  Resistance 

Dec.      29,  1893... 

14-6°  C. 

•100059 

Jan.      13,  1894... 

15 

•100053 

„         15,     „    ... 

15 

•100058 

„         16,     „    ... 

15-8 

•100055             -100061 

,,         17,     ,,    ... 

16-4 

•100051             -100059 

„         27,     ,,    ... 

16-6 

•100058             -100065 

Feb.      20,     „    ... 

14-1 

•100043             -100047 

March  17,     „    ... 

13-8 

•100051             -100051 

Mean  

15-2 

•100053             -100057 
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Thus,  the  values  of  the  coils  at  15;2°  C.  are  respectively  for 

3^389         -100050  ohm, 

and  for 

3^390         -100053  ohm, 

while  in  each  case  the  resistance  introduced  by  placing  the  contact 
pieces  of  the  tenth-ohm  coils  at  some  distance  from  those  of  the 
other  coils  is  '000004  ohm. 


APPENDIX  IV. 

Comparison  of  certain  Ohm-Standards  of  the  Board  of  Trade. 
By  J.  RENNIE. 

In  the  accompanying  table  (p.  500)  are  given  the  results  of 
comparisons  which  were  made  on  May  29  and  30,  1894,  at  the 
Cavendish  Laboratory,  between  the  three  unit  coils: — 

Elliott's  No.  261, 
Elliott's  No.  263, 
Nalder's  No.  3876, 

belonging  to  the  Electrical  Department  of  the  Board  of  Trade,  and 
the  B.  A.  standards,  Flat,  F,  G,  and  H. 

The  bridge  was  of  the  Carey  Foster  pattern,  constructed  for 
the  Department  by  Nalder  Bros,  and  Co.,  and  the  slide  wire 
used  was  the  one  marked  B,  having  a  value  of  '0000509  ohm 
per  division. 

A  100-ohm  coil,  Elliott's  No.  291,  was  placed  in  parallel  with 
the  Board  of  Trade  coil  for  each  comparison,  this  being  effected  by 
a  large  mercury-in-paraffin  bath. 

Temperatures  were  measured  by  a  mercury-in-glass  thermo- 
meter, which  had  been  standardised  at  Kew. 

32—2 
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B.A.  Coil 

Temp,  of 
B.A.  Coil 

Temp,  of  B. 
of  T.  Coil 

Observed  Value 

Chart  * 
Value 

Difference, 
Chart  - 
observed 

No.  261  Coil 

Flat  ... 
F      ... 
G 

12-54°C. 
12-53 
12-90 

12-58°  C. 
12-45 
12-97 

•999156 
•999064 
•999217 

•999142 
•999106 
•999262 

-•000014 
+  •000042 
+  •000045 

No.  263  Coil 

Flat  .. 
F      ... 
O      ... 
H     ... 

12-50 
12-60 
12-80 
12-85 

12-53 

12-48 
12-98 
13-08 

•999136 
•999074 
•999217 
•999299 

•999140 
•999124 
•999271 
•999304 

+  •000004 
+  -000050 
+  -000054 
+  -000005 

No.  3876  Coil 

Flat  ... 
F      ... 
G      ... 
H      ... 

12-60 
12-50 
12-70 
12-40 

12-45 
12-36 
12-23 
12-30 

•998808 
•998727 
•998697 
•998768 

•99879       j      -  -000018 
•99876             +  -000033 
•99874             +  -000043 
•99876             -  -000008 

*  The  chart  referred  to,  for  No.  261  and  No.  263  coils,  is  one  supplied  for  these 
coils  by  Mr  Glazebrook,  and  is  dated  March  1892.  The  chart  referred  to  in  the 
case  of  No.  3876  was  constructed  from  comparisons  made  by  N  alder  Brothers 
between  it  and  their  "  master  coil,"  No.  3717.  The  coils  Nos.  263  and  261  were 
compared  on  May  29,  1894,  before  beginning  the  above-mentioned  series  of  com- 
parisons. They  were  found  exactly  equal,  when  the  temperatures  were — No.  263, 
12-65°  C. ;  No.  261,  12-62°  C.  The  chart  values  at  these  temperatures  are— No.  263, 
0-999175  ;  No.  261,  0*999156  ;  showing  a  difference  of  19  x  lO^ohrbs.  The  corre- 
sponding differences  deduced  from  the  above  table  are— from  Flat,  18  x  10~6  ohms  ; 
from  F,  8xlO~6ohms;  from  G,  9  x  10~6  ohms.  The  comparison  No.  261— H  is 
omitted,  as  the  difference  obtained  was  obviously  much  too  large,  and  must  have 
been  caused  by  some  undetected  interference.  It  is  evident  from  the  eleven  results 
given  in  the  table  that  the  difference  between  the  coils  Nos.  263  and  261  as  deduced 
from  comparison  with  H  must  be  something  like  10  x  10~6  ohms.  [Note  added 
October  5,  1894.] 
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Table  showing  values  of  five  standard  coils  B.  A.  Units  belonging 
to  the  Indian  Government  as  compared  with  Dr  Muirhead'  s 
standard  at  his  Laboratory.  By  E.  O.  WALKER,  C.I.E., 
M.I.E.E.,  Late  Superintendent  in  the  Government  Telegraph 
Department  in  India. 

Standard  used,  No.   78,  jnarked  right  at  15*7°  C.,  taken   as 
correct.     This  standard,  tested  April  27,  1893,  against  a  No.  68 


Glazebrook,  gave  a  ratio  —     —  f  of  1  '00015  at  16°  C.,  and  1  '00018 
standard 

at  15-4°  C. 

Temperature  of  water,  20'2°  C. 


Number 

Marked  right  at 

Difference 

Correct  at 

106 

15-1°  C. 

+  -023  per  cent. 

14-0°  C. 

108 

15-3°  0. 

+  •126        „ 

11-7°  C. 

110 

15-3°  C. 

-  -028         „ 

16-6°  C. 

111 

15-5°  C. 

+  '055 

13-9°  C. 

114 

15-1°  C. 

+  '004 

15-6°  C. 

Apparatus  used  one  metre  bridge  of  platinum-iridium  wire 
with  a  supplementary  coil  at  each  end  of  20,012  millimetres. 
Suspended  coil  galvanometer,  resistance  15  ohms  (Muirhead  and 
Co.'s).  Trough,  45  x  7J  x  5  inches ;  depth  of  water,  2f  inches ; 
quantity  of  water,  6^  gallons ;  battery  used,  1  Hellesen's  Dry  Cell, 
No.  3;  E.M.F.,  1*4  volt. 

The  interest  attaching  to  these  tests  lies  especially  in  the 
fact  that  the  standard  coils  have  been  exposed  to  the  climate  of 
Calcutta  for  twenty-four  years  They  were  made,  I  understand, 
by  Dr  A.  Muirhead  when  in  Dr  Matthiessen's  laboratory,  under 
the  supervision  of  the  latter. 

In  reducing  the  observations  from  20'2°  C.  to  the  temperatures 
given,  it  has  been  assumed  that  all  the  coils  have  the  same 
temperature  coefficient. 
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APPENDIX  VI. 

On  the  Specific  Resistance  of  Copper  and  of  Silver. 
By  Rev.  T.  C.  FITZPATRICK. 

As  lately  several  observers  have  published  the  results  of 
measurements  made  on  the  specific  resistance  of  copper,  it  may 
be  worth  while  to  collect  these  results  together  in  tabular  form. 

The  resistances  of  metals  may  be  expressed  in  terms  of  equal 
weight  or  of  equal  volume ;  that  is,  as  the  resistance  of  a  wire  of 
the  given  material  such  that  one  metre  of  it  weighs  one  gramme 
or  as  the  resistance  between  opposite  faces  of  a  cube  of  the  material 
each  face  of  which  is  one  square  centimetre.  I  have  pointed  out 
that  Matthiessen*  considered  the  first  as  the  most  satisfactory 
mode  of  expressing  resistances,  and  for  these  results  alone  did  he 
make  all  the  actual  experiments ;  the  results  for  specific  resistances 
were  calculated  from  these  with  the  help  of  specific  gravity  values 
obtained  in  many  cases  from  tables,  and  not  determined  directly 
for  the  wires  used. 

Only  in  cases  where  considerable  masses  of  the  material  are 
used  can  the  specific  gravity,  and  from  this  the  cross-section  of 
the  wires,  be  accurately  determined.  There  is  therefore  an  evident 
advantage  in  expressing  results  in  terms  of  weight,  as  then  the 
determination  of  the  cross-section  of  the  wires  becomes  unnecessary, 
and  there  is  no  reason  why  an  accuracy  of  one  in  two  or  three 
thousand  should  not  be  attained. 

Again,  it  is  found  that  different  samples  of  copper  have 
different  densities,  according  to  the  method  by  which  they  have 
been  prepared;  in  a  table f  which  I  published  on  a  previous 
occasion  the  variation  is  from  8'86  to  8'95.  Mr  SwanJ  gives  a 
value  as  high  as  8'9587. 

From  samples  of  copper  of  the  same  quality  I  have  had  wires 
drawn  which  differed  in  density;  it  was  always  found  that  the 
denser  the  copper  the  less  is  its  resistance,  and  the  difference 
affects  much  more  the  results  expressed  as  specific  resistances  than 
when  expressed  as  the  resistance  for  a  gramme  per  metre. 

This  is  another  reason  for  expressing  the  results  in  these  terms, 

*  B.A.  Report,  1890,  p.  410.  t  B.A.  Report,  1890,  p.  404. 

$  Nature,  vol.  L.  p.  165. 
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at  least  as  well  as  specific  resistances,  and  for  actual  practical 
purposes  it  is  a  question  of  weight  rather  than  volume. 

In  the  following  tables  the  results  are  given  for  a  temperature 
of  18°  C.  in  c.G.S.  units. 

TABLE  A.     Hard-drawn  Copper  Wires. 


Resistance  of  wire 
such  that  the  metre 
weighs  one  gramme 

Specific  resistance 
per 
cubic  centimetre 

Observer 

1550  x  105 

1550 
1527 

1743 
1720 
1726 
1708 

Matthiessen  * 
Swan  and  Rhodin  f 
Fitzpatrick  J 
„            (copper  sup- 
plied by  Messrs  Bolton) 

TABLE  B.     Annealed  Wires. 


Resistance  of  wire       Specific  resistance 
such  that  the  metre                  per 
weighs  one  gramme       cubic  centimetre 

Observer 

1516  xlO5 

1488 
1488 

1704 
1681 
1680 
1665 

Matthiessen  * 
Fleming  and  Dewar  § 
Swan  and  Rhodin  t 
Fitzpatrick  J  (copper  sup- 
plied by  Messrs  Bolton) 
(Wire  sent  by  Mr  Swan) 

From  Table  A  it  will  be  seen  that  Messrs  Swan  and  Rhodin 
obtained  a  value  rather  lower  than  that  which  I  got  for  copper, 
prepared  by  myself,  and  which,  expressed  as  the  resistance  of  a 
wire  one  metre  long  weighing  one  gramme,  is  identical  with  the 
value  that  Matthiessen  obtained ;  but  the  resistance  of  all  these 
specimens  is  distinctly  greater  than  that  of  the  copper  kindly  sent 
me  by  Messrs  Bolton — which  seems  to  bear  out  the  statement, 
which  I  have  previously  made,  that  it  is  impossible  to  prepare 
wires  on  the  small  scale  which  ^tre  of  the  same  quality,  i.e.  probably 
due  to  density,  as  the  best  specimens  specially  prepared  by  large 
manufacturers. 


B.A.  Report,  1864. 

B.A.  Report,  1890,  p.  404. 


f  Nature,  vol.  L.  p.  165. 

§  Phil.  Mag.  vol.  xxxvi.  p.  287. 
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In  Table  B  are  given  the  results  of  measurements  on  three 
specimens  of  copper  prepared  by  Mr  Swan :  one  was  given  to 
Profs.  Dewar  and  Fleming ;  a  second  was  examined  by  Mr  Swan 
himself,  and  a  third  specimen  he  kindly  sent  to  me ;  the  quality 
of  the  copper  in  the  three  cases  may  therefore  be  expected  to  be 
the  same. 

The  results  of  Profs.  Dewar  and  Fleming  and  Messrs  Swan 
and  Rhodin  are  expressed  only  as  specific  resistances,  whilst 
the  result  of  my  measurement  is  only  given  for  a  wire  one 
metre  long  weighing  one  gramme.  The  weight  of  the  copper 
wire,  as  measured,  was  only  three  grammes,  and  that  does  not 
allow  the  accurate  determination  of  the  specific  gravity  of  the 
sample.  The  value  I  obtain  for  its  resistance  is  identical 
with  that  for  the  sample  of  annealed  copper  wire  sent  me  by 
Messrs  Bolton. 

If  it  be  considered  to  have  the  same  specific  gravity  as  that 
sample  (8*94)  its  specific  resistance  in  C.G.s.  units  is  1665 ;  a  value 
distinctly  smaller  than  that  obtained  by  Messrs  Swan  and  Rhodin, 
whose  result  is  practically  identical  with  that  of  Profs.  Dewar  and 
Fleming. 

Not  only  may  wires  drawn  from  the  same  specimen  of  copper 
have  different  densities  and  different  resistances,  but  the  variation 
of  that  resistance  with  change  of  temperature  may  be  also  different. 

In  the  following  table  are  given  the  temperature  coefficients  of 
various  specimens  of  copper : — 


RO 

a 

Observer 

•00387 

Matthiessen  t 

1561 

•00428 

Dewar  and  Fleming  J 

1603* 

•00408 

Swan  and  Rhodin  § 

1563 

•00417 



1592* 

•00405 

Fitzpatrick 



•00406 

Kennedy  and  Fessenden|| 



•00364 

Benoitl 

*  Hard-drawn  wires. 

f  B.A.  Report,  1864.  +  Phil.  Mag.  vol.  xxxvi.  p.  287. 

§  Nature,  vol.  L.  p.  165.  ||  Electricity,  vol.  v.  p.  165. 

IT  Comptes  Rendus,  vol.  LXXVI.  p.  345. 
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Influence  of  Annealing. — As  is  well  known,  annealed  wires 
have  a  less  resistance  than  hard-drawn  wires,  but  the  variation 
of  resistance  according  as  the  wires  are  annealed  or  hard-drawn 
differs  considerably  for  different  materials.  For  silver  it  is  as 
much  as  10  per  cent.,  whereas  for  copper  it  is  less  than  3  per  cent. 

I  have  made  observations  from  time  to  time  on  the  resistance 
value  of  specimens  of  hard-drawn  copper  wire,  all  pieces  of  the 
same  coil,  which  were  sent  me  in  1889  by  Messrs  Bolton  and  Son. 
From  the  results  of  these  measurements  it  will  be  seen  that  a 
hard-drawn  wire  seems  to  fall  in  resistance  with  lapse  of  time. 
The  coil  of  wire  has  been  left  hanging  in  the  laboratory,  and  has 
not  been  treated  with  any  special  care. 


Date 

Temperature 

Resistance  of  wire  1  metre 
long  weighing  1  gramme 

July  1890    . 

18°  C 

1528  X  105 

August  26,  1891... 
March?,  1892  
January  1894  
July  1894 

18° 
18° 
18° 
18° 

1525 
1522 
1520 
1519 

The  fall  in  resistance  is  small,  and  for  the  period  of  nearly  five 
years  does  not  amount  to  more  than  ^  per  cent. 

I  have,  for  the  sake  of  comparison,  made  a  measurement  of  the 
resistance  of  a  specimen  of  annealed  copper  wire  sent  me  by  the 
same  firm,  and  for  this  the  resistance  value  is  identical  with  that 
obtained  at  a  previous  date  : — 


Date 

Temperature 

Resistance  of  wire  1  metre 
long  weighing  1  gramme 

October  1889  
July  1894    

18°  C. 
18° 

1488  X  105 
1487-8 

This,  on  the  whole,  is  what  one  would  expect.  In  the  case  of 
wires  of  other  material  the  change  would  probably  be  greater,  as 
the  difference  in  resistance  between  annealed  and  hard- drawn 
copper  wires  is  less  than  that  for  wires  of  other  materials. 
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In  my  previous  communication  a  method*  of  annealing  was 
described  which  gave  satisfactory  results.  The  wire  was  packed 
in  asbestos  and  fine  carbon  in  a  copper  vessel  and  heated  for 
twenty-four  hours.  The  following  results  amongst  others  were 
obtained : — 

Hard-drawn  18°  Annealed  18°  Difference 

1527  x  105  1489  38 

1526  1488  38 

Matthiessen's  values  are  : — 

1550  1516  34 

Messrs  Swan  and  Rhodin  give  for  the  values  of  the  specific 
resistance : — 

Hard-drawn  18°  Annealed  18°  Difference 

1720  1680  40 

I  have  recently  been  annealing  copper  wires  by  heating  them 
in  boiling  paraffin  (220°) ;  and  after  slow  cooling  the  wires  seem  to 
be  completely  annealed : — 

Hard-drawn  18°  Annealed  18°  Difference 

1526  1486  40 

A  wire  sent  me  as  annealed  gave  the  result : — 
Annealed  18°,  1488 

This  wire  was  then  hardened,  and,  reannealed  as  above  described, 

gave  the  value  : — 

Annealed  18°,  1489 

Either  of  these  two  methods  seems  to  give  satisfactory  results. 
For  completely  annealing  silver  wires  the  temperature  of  the 
paraffin  bath  is  not  sufficiently  high,  but  from  the  results  of  my 
measurements  for  silver,  for  which  the  influence  of  annealing 
is  very  considerable,  it  can  be  seen  that  the  first  method  is  quite 
satisfactory. 

SILVER. 

Many  of  the  older  measurements  for  resistances  and  con- 
ductivities are  expressed  in  terms  of  the  resistance  of  pure  silver : 
this  was  the  case  with  Matthiessen's  earlier  results. 

*  B.A.  Report,  1890,  p.  405. 
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Some  measurements  therefore  made  on  silver  wires  are  given 
together  with  the  results  obtained  by  Matthiessen  and  Profs.  Dewar 
and  Fleming  for  the  sake  of  comparison. 

Several  samples  of  silver  wires  were  supplied  by  Messrs  Johnson 
and  Matthey :  one  of  these  was  stated  to  be  absolutely  pure. 

The  results  are  expressed  for  wires  weighing  one  gramme  per 
metre. 


— 

Hard-drawn 

Annealed 

Silver  I 

1816  x  105 

1739  x  105 

1814 

1741 

1816 

1721 

Silver  11  

1799 

1722 

Silver  III.,  pure... 

5»                        ?> 
»                        » 

1777 
1773 
1767 

1666 
1666 

The  difference  between  the  values  for  the  hard-drawn  wires 
is  probably  due  to  the  fact  that  they  had  to  be  further  drawn 
down  after  I  had  received  them  to  enable  me  to  measure  them  on 
my  bridge. 


Matthiessen's  value 

For  wire  1  metre  long 
weighing  1  gramme 

Resistance  per  c.c. 

Hard-drawn  
Annealed    

1779X105 
1639 

1694* 
1561 

Profs.  Dewarf  and  Fleming  give  as  the  value  for  an  annealed 
pure  silver  wire  1468  c.G.S.  at  0°  C.  with  the  temperature  co- 
efficient of  O004 ;  the  value  at  18°  C.  is  therefore  for  the  specific 
resistance  1574. 

For  most  of  the  wires  which  I  measured  the  specific  gravities 
were  determined ;  there  is  practically  no  difference  between  the 
values  obtained  for  the  annealed  and  hard-drawn  wires,  the  values 
varying  from  10*496  to  10'511. 


*  Using  the  value  10'5  as  the  specific  gravity  of  silver, 
f  Phil.  Mag.  vol.  xxxvi. 
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For  the  wires  Silver  III.  the  values  varied  from  1(V49  to  10'50  ' 
using  the  mean  value  10*495  I  get  for  the  specific  resistances  the 
following  values : — 


— 

Hard-drawn  wire 

Annealed 

Specific  resistance  in  c.G.s. 
units  at  18°  C. 

1689 

1587 

In  the  case  of  copper*  with  increase  of  purity  there  is  a 
decrease  in  the  difference  in  resistance  between  annealed  and 
hard-drawn  wires.  With  silver  the  reverse  is  the  case. 

'Silver      I. — Difference          75 

„        IL— Difference          77 

„      III.— Difference          ...       107 

The  value  that  I  obtained  for  the  hard-drawn  wire  is  very 
nearly  the  same  as  that  given  by  Matthiessen,  but  he  obtained 
a  greater  decrease  in  resistance  on  annealing.  He  states  f  that  for 
different  pieces  of  the  same  wire  there  was  a  variation  of  from 
6  to  10  per  cent.;  so  that  the  difference  between  his  value  and 
that  which  I  have  obtained  for  a  sample  of  pure  silver  is  not 
greater  than  might  be  expected. 

The  considerable  variation  in  all  the  values  given  above  makes 
it  clear  that  the  values  of  the  specific  resistance  depend,  not  simply 
on  the  purity  of  the  material,  but  on  a  number  of  other  factors, 
which  will  be  different  in  the  cases  of  different  wires  of  the  same 
material,  and  that  therefore  we  cannot  expect  to  attain  to  any 
great  degree  of  accuracy  in  the  determination  of  specific  resistances 
as  distinguished  from  the  accurate  measurement  for  some  particular 
wire. 

*  B.A.  Report,  1890.  f  Phil.  Trans.  1862,  p.  7. 
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FINAL  REPORT  OF  THE  ELECTRICAL  STANDARDS  COMMITTEE 
OF  THE  BOARD  OF  TRADE. 

To  the  RIGHT  HON.  JAMES  BRYCE,  M.P., 

President  of  the  Board  of  Trade. 

Since  the  date  of  our  last  Report  the  Board  of  Trade  have  laid 
before  us  a  resume  of  the  action  of  the  International  Electrical 
Congress  held  in  Chicago  in  August  1893  to  determine  the  units 
of  electrical  measurement.  We  were  also  informed  by  the  Board 
of  Trade  that  her  Majesty's  Government  had  been  invited  by  the 
United  States  Ambassador  in  London  to  take  steps  to  adopt  the 
recommendations  of  the  Congress. 

These  recommendations,  so  far  as  they  refer  to  the  units  of 
electrical  resistance,  electrical  current,  and  electrical  pressure,  are 
substantially  the  same  as  those  suggested  for  adoption  in  our 
previous  Reports. 

We  see  no  reason  for  further  delay  in  the  legalisation  of 
standards  of  the  above-mentioned  units,  and  we  have  prepared 
and  attach  a  revised  Draft  Order  in  Council*,  which  we  advise 
may  be  submitted  for  her  Majesty's  gracious  approval. 

The  accompanying  notes  f  to  the  specification  for  the  Clark's 
cell  have  been  communicated  by  Mr  Glazebrook,  and  will  be  found 
of  great  assistance  in  the  preparation  of  this  form  of  cell. 

(Signed)     COURTENAY  BOYLE.  KELVIN. 

FRANCIS  J.  S.  HOPWOOD.      P.  CARDEW. 

W.  H.  PREECE.  RAYLEIGH. 

G.  CAREY  FOSTER.  R.  T.  GLAZEBROOK. 

J.  HOPKINSON.  W.  E.  AYRTON. 

T.  W.  P.  BLOMEFIELD,  Secretary. 

August  2,  1894. 

*  The  Order  in  Council  is  printed  in  the  form  in  which  it  has  since  received 
her  Majesty's  approval. 

t  For  the  notes  see  p.  516. 
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Order  in  Council  regarding  Standards  for  Electrical 
Measurements. 

At  the  Court  at  Osborne  House,  Isle  of  Wight,  August  23,  1894. 
Present:    The  Queen's  Most  Excellent  Majesty  in  Council. 

Whereas  by  '  The  Weights  and  Measures  Act  1889 '  it  is 
among  other  things  enacted  that  the  Board  of  Trade  shall  from 
time  to  time  cause  such  new  denominations  of  standards  for  the 
measurement  of  electricity  as  appear  to  them  to  be  required  for 
use  in  trade  to  be  made  and  duly  verified. 

And  whereas  it  has  been  made  to  appear  to  the  Board  of  Trade 
that  new  denominations  of  standards  are  required  for  use  in  trade 
based  upon  the  following  units  of  electrical  measurement,  viz. — 

1.  The  ohm,  which  has  the  value  109  in  terms  of  the  centi- 
metre and  the  second  of  time,  and  is  represented  by  the  resistance 
offered  to  an  unvarying  electric  current  by  a  column  of  mercury 
at  the  temperature  of  melting  ice  14*4521  grammes  in  mass  of  a 
constant  cross-sectional  area  and  of  a  length  of  106'3  centimetres. 

2.  The  ampere,  which  has   the   value  -fa  in   terms   of  the 
centimetre,  the  gramme,  and  the  second  of  time,  and  which  is 
represented  by  the  unvarying  electric  current  which  when  passed 
through  a  solution  of  nitrate  of  silver  in  water  in  accordance  with 
the  specification  appended  hereto,  and  marked  A,  deposits  silver 
at  the  rate  of  0*001118  of  a  gramme  per  second. 

3.  The  volt,  which  has  the  value  108  in  terms  of  the  centi- 
metre, the  gramme,  and  the  second  of  time,  being  the  electrical 
pressure  that  if  steadily  applied  to  a  conductor  whose  resistance 
is  one  ohm  will  produce  a  current  of  one  ampere,  and  which  is 
represented  by  0'6974  (yfff)  of  the  electrical  pressure  at  a  tem- 
perature of  15°  C.  between  the  poles  of  the  voltaic  cell  known  as 
Clark's  cell  set  up  in  accordance  with  the  specification  appended 
hereto,  and  marked  B. 

And  whereas  they  have  caused  the  said  new  denominations  of 
standards  to  be  made  and  duly  verified. 

Now,  therefore,  her  Majesty,  by  virtue  of  the  power  vested  in 
her  by  the  said  Act,  by  and  with  the  advice  of  her  Privy  Council, 
is  pleased  to  approve  the  several  denominations  of  standards  set 
forth  in  the  schedule  hereto  as  new  denominations  of  standards  for 
electrical  measurement. 

C.  L.  PEEL. 
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SCHEDULE. 

I. — Standard  of  Electrical  Resistance. 

A  standard  of  electrical  resistance  denominated  one  ohm  being 
the  resistance  between  the  copper  terminals  of  the  instrument 
marked  'Board  of  Trade  Ohm  Standard  Verified  1894'  to  the 
passage  of  an  unvarying  electrical  current  when  the  coil  of 
insulated  wire  forming  part  of  the  aforesaid  instrument  and  con- 
nected to  the  aforesaid  terminals  is  in  all  parts  at  a  temperature 
of  154°  C. 

II. — Standard  of  Electrical  Current. 

A  standard  of  electrical  current  denominated  one  ampere  being 
the  current  which  is  passing  in  and  through  the  coils  of  wire 
forming  part  of  the  instrument  marked  '  Board  of  Trade  Ampere 
Standard  Verified  1894 '  when  on  reversing  the  current  in  the 
fixed  coils  the  change  in  the  forces  acting  upon  the  suspended  coil 
in  its  sighted  position  is  exactly  balanced  by  the  force  exerted  by 
gravity  in  Westminster  upon  the  iridio-platinum  weight  marked  A 
and  forming  part  of  the  said  instrument. 

III. — Standard  of  Electrical  Pressure. 

A  standard  of  electrical  pressure  denominated  one  volt,  being 
one-hundredth  part  of  the  pressure  which  when  applied  between 
the  terminals  forming  part  of  the  instrument  marked  'Board  of 
Trade  Volt  Standard  Verified  1894,'  causes  that  rotation  of  the 
suspended  portion  of  the  instrument  which  is  exactly  measured  by 
the  coincidence  of  the  sighting  wire  with  the  image  of  the  fiducial 
mark  A  before  and  after  application  of  the  pressure  and  with  that 
of  the  fiducial  mark  B  during  the  application  of  the  pressure,  these 
images  being  produced  by  the  suspended  mirror  and  observed  by 
means  of  the  eyepiece. 

In  the  use  of  the  above  standards  the  limits  of  accuracy 
attainable  are  as  follows: — 

For  the  ohm,  within  one-hundredth  part  of  one  per  cent. 
For  the  ampere,  within  one-tenth  part  of  one  per  cent. 
For  the  volt,  within  one-tenth  part  of  one  per  cent. 

The  coils  and  instruments  referred  to  in  this  schedule  are 
deposited  at  the  Board  of  Trade  Standardising  Laboratory, 
8,  Richmond  Terrace,  Whitehall,  London. 
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SPECIFICATIONS  REFERRED  TO  IN  THE  FOREGOING  ORDER 
IN  COUNCIL. 

SPECIFICATION  A. 

In  the  following  specification  the  term  silver  voltameter  means 
the  arrangement  of  apparatus  by  means  of  which  an  electric 
current  isj>assed  through  a  solution  of  nitrate  of  silver  in  water. 
The  silver  voltameter  measures  the  total  electrical  quantity  which 
has  passed  during  the  time  of  the  experiment,  and  by  noting  this 
time  the  time-average  of  the  current,  or  if  the  current  has  been 
kept  constant  the  current  itself,  can  be  deduced. 

In  employing  the  silver  voltameter  to  measure  currents  of 
about  1  ampere  the  following  arrangements  should  be  adopted. 
The  cathode  on  which  the  silver  is  to  be  deposited  should  take  the 
form  of  a  platinum  bowl  not  less  than  10  centimetres  in  diameter, 
and  from  4  to  5  centimetres  in  depth. 

The  anode  should  be  a  plate  of  pure  silver  some  30  square 
centimetres  in  area  and  2  or  3  millimetres  in  thickness. 

This  is  supported  horizontally  in  the  liquid  near  the  top  of  the 
solution  by  a  platinum  wire  passed  through  holes  in  the  plate  at 
opposite  corners.  To  prevent  the  disintegrated  silver  which  is 
formed  on  the  anode  from  falling  on  to  the  cathode,  the  anode 
should  be  wrapped  round  with  pure  filter  paper,  secured  at  the 
back  with  sealing-wax. 

The  liquid  should  consist  of  a  neutral  solution  of  pure  silver 
nitrate,  containing  about  15  parts  by  weight  of  the  nitrate  to 
85  parts  of  water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the 
current  passes.  To  prevent  these  changes  having  too  great  an 
effect  on  the  current,  some  resistance  besides  that  of  the  voltameter 
should  be  inserted  in  the  circuit.  The  total  metallic  resistance  of 
the  circuit  should  not  be  less  than  10  ohms. 

Method  of  making  a  Measurement. 

The  platinum  bowl  is  washed  with  nitric  acid  and  distilled 
water,  dried  by  heat,  and  then  left  to  cool  in  a  desiccator.  When 
thoroughly  dry  it  is  weighed  carefully. 

It  is  nearly  filled  with  the  solution,  and  connected  to  the  rest 
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of  the  circuit  by  being  placed  on  a  clean  copper  support  to 
which  a  binding  screw  is  attached.  This  copper  support  must 
be  insulated. 

The  anode  is  then  immersed  in  the  solution  so  as  to  be  well 
covered  by  it  and  supported  in  that  position ;  the  connexions  to 
the  rest  of  the  circuit  are  made. 

Contact  is  made  at  the  key,  noting  the  time  of  contact.  The 
current  is  allowed  to  pass  for  not  less  than  half  an  hour,  and  the 
time  at  which  contact  is  broken  is  observed.  Care  must  be  taken 
that  the  clock  used  is  keeping  correct  time  during  this  interval. 

The  solution  is  now  removed  from  the  bowl  and  the  deposit  is 
washed  with  distilled  water  and  left  to  soak  for  at  least  six  hours. 
It  is  then  rinsed  successively  with  distilled  water  and  absolute 
alcohol  and  dried  in  a  hot-air  bath  at  a  temperature  of  about 
160°  C.  After  cooling  in  a  desiccator  it  is  weighed  again.  The 
gain  in  weight  gives  the  silver  deposited. 

To  find  the  current  in  amperes,  this  weight,  expressed  in 
grammes,  must  be  divided  by  the  number  of  seconds  during  which 
the  current  has  been  passed,  and  by  0*001118. 

The  result  will  be  the  time-average  of  the  current,  if  during 
the  interval  the  current  has  varied. 

In  determining  by  this  method  the  constant  of  an  instrument 
the  current  should  be  kept  as  nearly  constant  as  possible,  and  the 
readings  of  the  instrument  observed  at  frequent  intervals  of  time. 
These  observations  give  a  curve  from  which  the  reading  cor- 
responding to  the  mean  current  (time-average  of  the  current) 
can  be  found.  The  current,  as  calculated  by  the  voltameter, 
corresponds  to  this  reading. 


SPECIFICATION  B. 
ON  THE  PREPARATION  OF  THE  CLARK  CELL. 

Definition  of  the  Cell. 

The  cell  consists  of  zinc  or  an  amalgam  of  zinc  with  mercury 
and  of  mercury  in  a  neutral  saturated  solution  of  zinc  sulphate  and 
mercurous  sulphate  in  water,  prepared  with  mercurous  sulphate  in 
excess. 

B.  A.  33 
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Preparation  of  the  Materials. 

1.  The  Mercury. — To  secure  purity  it  should  be  first  treated 
with  acid  in  the  usual  manner,  and  subsequently  distilled  in  vacuo. 

2.  The  Zinc. — Take  a  portion  of  a  rod  of  pure  redistilled  zinc, 
solder  to  one  end  a  piece  of  copper  wire,  clean  the  whole  with 
glass  paper  or  a  steel  burnisher,  carefully  removing  any  loose  pieces 
of  the  zinc.    Just  before  making  up  the  cell  dip  the  zinc  into  dilute 
sulphuric  acid,  wash  with  distilled  water,  and  dry  with  a  clean  cloth 
or  filter  paper. 

3.  The     Mercurous     Sulphate. — Take    mercurous     sulphate, 
purchased  as  pure,  mix  with  it  a  small  quantity  of  pure  mercury, 
and  wash   the  whole   thoroughly  with   cold   distilled   water   by 
agitation  in  a  bottle ;  drain  off  the  water,  and  repeat  the  process 
at  least  twice.     After  the  last  washing  drain  off  as  much  of  the 
water  as  possible. 

4.  The  Zinc  Sulphate  Solution. — Prepare  a  neutral  saturated 
solution  of  pure  ("  pure  recrystallised  ")  zinc  sulphate  by  mixing  in 
a  flask  distilled  water  with  nearly  twice  its  weight  of  crystals  of 
pure  zinc  sulphate,  and  adding  zinc  oxide  in  the  proportion  of 
about  2  per  cent,  by  weight  of  the   zinc  sulphate   crystals   to 
neutralise  any  free  acid.     The  crystals  should  be  dissolved  with 
the    aid    of    gentle    heat,   but    the    temperature    to   which    the 
solution  is  raised  should  not  exceed  30°  C.     Mercurous  sulphate 
treated   as   described   in   3  should   be   added  in  the  proportion 
of  about  12  per  cent,  by  weight  of  the  zinc   sulphate  crystals 
to   neutralise   any  free   zinc   oxide  remaining,  and   the  solution 
filtered,  while  still  warm,  into  a  stock  bottle.     Crystals  should 
form  as  it  cools. 

5.  The  Mercurous  Sulphate  and  Zinc  Sulphate  Paste. — Mix 
the  washed  mercurous  sulphate  with  the  zinc  sulphate  solution, 
adding  sufficient  crystals  of  zinc  sulphate  from  the  stock  bottle  to 
ensure  saturation,  and  a  small  quantity  of  pure  mercurj^.     Shake 
these  up  well  together  to  form  a  paste  of  the  consistence  of  cream. 
Heat  the  paste,  but  not  above  a  temperature  of  30°  C.     Keep  the 
paste  for  an  hour  at  this  temperature,  agitating  it  from  time  to 
time,  then  allow  it  to  cool ;  continue  to  shake  it  occasionally  while 
it  is  cooling.     Crystals  of  zinc  sulphate  should  then  be  distinctly 
visible,  and  should  be  distributed  throughout  the  mass.     If  this  is 
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not  the  case  add  more  crystals  from  the  stock  bottle,  and  repeat 
the  whole  process. 

This  method  ensures  the  formation  of  a  saturated  solution  of 
zinc  and  mercurous  sulphates  in  water. 

To  set  up  the  Cell. 

The  cell  may  conveniently  be  set  up  in  a  small  test-tube  of 
about  2  centimetres  diameter,  and  4  or  5  centimetres  deep.  Place 
the  mercury  in  the  bottom  of  this  tube,  filling  it  to  a  depth  of, 
say,  0*5  centimetre.  Cut  a  cork  about  0'5  centimetre  thick  to  fit 
the  tube ;  at  one  side  of  the  cork  bore  a  hole  through  which  the 
zinc  rod  can  pass  tightly ;  at  the  other  side  bore  another  hole  for 
the  glass  tube  which  covers  the  platinum  wire ;  at  the  edge  of  the 
cork  cut  a  nick  through  which  the  air  can  pass  when  the  cork 
is  pushed  into  the  tube.  Wash  the  cork  thoroughly  with  warm 
water,  and  leave  it  to  soak  in  water  for  some  hours  before  use. 
Pass  the  zinc  rod  about  1  centimetre  through  the  cork. 

Contact  is  made  with  the  mercury  by  means  of  a  platinum 
wire  about  No.  22  gauge.  This  is  protected  from  contact  with 
the  other  materials  of  the  cell  by  being  sealed  into  a  glass  tube. 
The  ends  of  the  wire  project  from  the  ends  of  the  tube ;  one  end 
forms  the  terminal,  the  other  end  and  a  portion  of  the  glass  tube 
dip  into  the  mercury. 

Clean  the  glass  tube  and  platinum  wire  carefully,  then  heat 
the  exposed  end  of  the  platinum  red-hot,  and  insert  it  in  the 
mercury  in  the  test-tube,  taking  care  that  the  whole  of  the 
exposed  platinum  is  covered. 

Shake  up  the  paste  and  introduce  it  without  contact  with  the 
upper  part  of  the  walls  of  the  test-tube,  filling  the  tube  above  the 
mercury  to  a  depth  of  rather  more  than  1  centimetre. 

Then  insert  the  cork  and  zinc  rod,  passing  the  glass  tube 
through  the  hole  prepared  for  it.  Push  the  cork  gently  down 
until  its  lower  surface  is  nearly  in  contact  with  the  liquid.  The 
air  will  thus  be  nearly  all  expelled,  and  the  cell  should  be  left  in 
this  condition  for  at  least  twenty-four  hours  before  sealing,  which 
should  be  done  as  follows. 

Melt  some  marine  glue  until  it  is  fluid  enough  to  pour  by  its 
own  weight,  and  pour  it  into  the  test-tube  above  the  cork,  using 
sufficient  to  cover  completely  the  zinc  and  soldering.  The  glass 

33—2 
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tube  containing  the  platinum  wire  should  project  some  way  above 
the  top  of  the  marine  glue. 

The  cell  may  be  sealed  in  a  more  permanent  manner  by  coating 
the  marine  glue,  when  it  is  set,  with  a  solution  of  sodium  silicate, 
and  leaving  it  to  harden. 

The  cell  thus  set  up  may  be  mounted  in  any  desirable  manner. 
It  is  convenient  to  arrange  the  mounting  so  that  the  cell  may 
be  immersed  in  a  water-bath  up  to  the  level  of,  say,  the  upper 
surface  of  the  cork.  Its  temperature  can  then  be  determined 
more  accurately  than  is  possible  when  the  cell  is  in  air. 

In  using  the  cell  sudden  variations  of  temperature  should  as 
far  as  possible  be  avoided. 

The  form  of  the  vessel  containing  the  cell  may  be  varied.  In 
the  H  form  the  zinc  is  replaced  by  an  amalgam  of  ten  parts  by 
weight  of  zinc  to  ninety  of  mercury.  The  other  materials  should 
be  prepared  as  already  described.  Contact  is  made  with  the 
amalgam  in  one  leg  of  the  cell  and  with  the  mercury  in  the  other 
by  means  of  platinum  wires  sealed  through  the  glass. 


NOTES  TO  THE  SPECIFICATION  ON  THE  PREPARATION  OF 
THE  CLARK  CELL. 

The  Mercurous  Sulphate. — The  treatment  of  the  mercurous 
sulphate  has  for  its  object  the  removal  of  any  mercuric  sulphate 
which  is  often  present  as  an  impurity. 

Mercuric  sulphate  decomposes  in  the  presence  of  water  into  an 
acid  and  a  basic  sulphate.  The  latter  is  a  yellow  substance — 
turpeth  mineral — practically  insoluble  in  water;  its  presence  at 
any  rate  in  moderate  quantities  has  no  effect  on  the  cell.  If, 
however,  it  is  formed,  the  acid  sulphate  is  formed  also.  This  is 
soluble  in  water,  and  the  acid  produced  affects  the  electromotive 
force.  The  object  of  the  washings  is  to  dissolve  and  remove  this 
acid  sulphate,  and  for  this  purpose  the  three  washings  described 
in  the  specification  will  in  nearly  all  cases  suffice.  If,  however, 
a  great  deal  of  the  turpeth  mineral  is  formed  it  shows  that  there 
is  a  great  deal  of  the  acid  sulphate  present,  and  it  will  then  be 
wiser  to  obtain  a  fresh  sample  of  mercurous  sulphate  rather  than 
to  try  by  repeated  washings  to  get  rid  of  all  the  acid. 

The  free  mercury  helps  in  the  process  of  removing  the  acid, 
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for  the  acid  mercuric  sulphate  attacks  it,  forming  mercurous 
sulphate  and  acid  which  is  washed  away. 

Pure  mercurous  sulphate  when  quite  free  from  acid  shows 
on  repeated  washing  a  faint  primrose  tinge,  which  is  due  to 
the  formation  of  a  basic  mercurous  salt,  and  is  distinct  from  the 
turpeth  mineral  or  basic  mercuric  sulphate.  The  appearance  of 
this  primrose  tint  may  be  taken  as  an  indication  of  the  fact 
that  all  the  acid  has  been  removed  and  the  washing  may  with 
advantage  be  continued  until  this  primrose  tint  appears.  Should 
large  quantities  of  this  basic  mercurous  salt  be  formed  the  sulphate 
should  be  treated  as  described  in  the  instructions  for  setting  up 
Clark's  cells  issued  from  the  Physical  Technical  Institute  of  Berlin, 
Zeitschrift  fur  Instrumentenkunde,  1893,  Heft  5. 

The  Zinc  Sulphate  Solution. — The  object  to  be  attained  is  the 
preparation  of  a  neutral  solution  of  pure  zinc  sulphate  saturated 
withZnS04.7H20. 

At  temperatures  above  30°  C.  the  zinc  sulphate  may  crystallise 
out  in  another  form ;  to  avoid  this,  30°  C.  should  be  the  upper 
limit  of  temperature.  At  this  temperature  water  will  dissolve 
about  1*9  times  its  weight  of  the  crystals.  If  any  of  the  crystals 
put  in  remain  undissolved  they  will  be  removed  by  the.  filtration. 

The  zinc  sulphate  should  be  free  from  iron,  and  should  be  tested 
before  use  with  sulphocyanide  of  potassium  to  ascertain  that  this 
condition  is  satisfied.  If  an  appreciable  amount  of  iron  is  present 
it  should  be  removed  by  the  method  given  in  the  directions  already 
quoted,  Zeitschrift  fur  Instrumentenkunde,  1893,  Heft  5. 

The  amount  of  zinc  oxide  required  depends  on  the  acidity  of 
the  solution,  but  2  per  cent,  will,  in  all  cases  which  will  arise  in 
practice  with  reasonably  good  zinc  sulphate,  be  ample.  Another 
rule  would  be  to  add  the  zinc  oxide  gradually  until  the  solution 
became  slightly  milky.  The  solution  when  put  into  the  cell  should 
not  contain  any  free  zinc  oxide ;  if  it  does,  then,  when  mixed  with 
the  mercurous  sulphate,  zinc  sulphate  and  mercurous  oxide  are 
formed;  the  latter  may  be  deposited  on  the  zinc  and  affect  the 
electromotive  force  of  the  cell.  The  difficulty  is  avoided  by 
adding  as  described  about  12  per  cent,  of  mercurous  sulphate 
before  filtration :  this  is  more  than  sufficient  to  combine  with  the 
whole  of  the  zinc  oxide  originally  put  in,  if  it  all  remains  free. 
The  mercurous  oxide  formed,  together  with  any  undissolved 
mercurous  sulphate,  is  removed  by  the  filtration. 
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The  Mercurous  Sulphate  and  Zinc  Sulphate  Paste. — Although, 
after  the  last  washing  of  the  mercurous  sulphate,  as  much  water 
as  possible  may  have  been  drained  off,  sufficient  water  generally 
remains  to  necessitate  the  addition  of  a  very  considerable  quantity 
of  crystals  of  zinc  sulphate  from  the  stock  bottle,  in  order  to  insure 
saturation,  when  the  washed  mercurous  sulphate  is  added  to  the 
zinc  sulphate  solution  as  described  in  No.  4  of  Specification  B 
appended  to  the  Order  in  Council. 

If  the  sides  of  the  test-tube  above  the  cork  be  soiled  by  the 
introduction  of  the  paste,  the  marine  glue  does  not  adhere  to  the 
glass ;  the  liquid  in  the  cell  rises  by  capillary  action  between  the 
glue  and  the  glass,  and  may  damage  the  cell. 

Fig.  2. 


The  form  of  the  vessel  containing  the  cell  may  be  varied.  In 
the  H  form  devised  by  Lord  Rayleigh  and  modified  by  Dr  Kahle 
the  zinc  is  replaced  by  an  amalgam  of  zinc  and  mercury.  The 
other  materials  should  be  prepared  as  already  described.  Contact 
is  made  with  the  amalgam  in  one  leg  of  the  cell  and  with  the 
mercury  in  the  other  by  means  of  platinum  wires  sealed  through 
the  glass. 

The  amalgam  consists  of  about  ninety  parts  of  pure  mercury 
mixed  with  ten  parts  of  pure  redistilled  zinc.  These  are  heated  in 
a  porcelain  crucible  to  about  100°  C.,  and  gently  stirred  until  the 
zinc  is  completely  dissolved  in  the  mercury.  The  amalgam  is 
liquid  while  warm,  and  must  be  poured  into  the  cell  before  it 
becomes  solid  on  cooling. 
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The  vessel  containing  the  element  consists  of  two  vertical 
tubes.  These,  as  shown  in  the  figure,  are  closed  below  and  open 
above  into  a  common  neck,  which  can  be  closed  by  a  ground 
stopper  of  glass.  The  two  tubes  should  be  2  cm.  in  diameter  and 
3  cm.  in  length.  The  neck  should  be  at  least  1*5  cm.  in  diameter 
and  2  cm.  long.  A  short  length  of  platinum  wire  is  sealed  through 
the  bottom  of  each  tube. 

The  end  of  the  wire  in  one  tube  is  covered  by  a  small  quantity 
of  pure  mercury,  that  in  the  other  tube  by  the  zinc-mercury 
amalgam. 

Above  the  mercury  a  layer  about  1  cm.  thick  of  the  mercurous 
sulphate  paste  is  placed ;  above  this,  and  also  above  the  amalgam, 
a  layer,  also  about  1  cm.  in  thickness,  of  zinc-sulphate  crystals,  and 
the  vessel  is  filled  up  with  the  saturated  zinc-sulphate  solution. 

The  zinc-sulphate  crystals  are  obtained  by  evaporating  at  a 
temperature  of  less  than  30°  C.  some  of  the  zinc-sulphate  solution 
prepared  as  in  4  of  the  specification. 

The  stopper  is  then  inserted,  leaving  a  small  air  bubble  above 
the  liquid,  and  sealed  on  the  outside  with  shellac  dissolved  in 
alcohol. 

The  ends  of  the  platinum  wires  outside  the  cell  form  the  two 
poles,  and  should  be  connected  to  suitable  terminals. 
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THE  resistance  coils  referred  to  in  the  last  Report  as  defective 
in  insulation  have  been  refilled,  and  up  to  the  present  their  insula- 
tion has  proved  satisfactory. 

The  publication  of  a  paper  handed  in  by  Dr  Muirhead,  giving 
further  results  of  tests  made  by  Mr  E.  O.  Walker  on  the  coils 
made  by  Dr  Matthiessen  twenty-five  years  ago,  and  since  exposed 
to  an  Indian  climate,  is  deferred  until  the  Cambridge  coil,  against 
which  they  were  tested,  can  be  re-examined  by  the  Secretary. 

The  set  of  standards  ordered  from  Germany  has  only  just 
arrived.  In  the  course  of  the  next  year  a  careful  comparison  will 
be  made  between  their  values  and  those  of  the  standards  of  the 
Association. 

During  the  year  the  Committee  have  had  under  discussion  a 
paper  on  magnetic  units  prepared  by  Dr  Lodge  and  printed  as  an 
appendix  to  this  Report,  together  with  a  communication  received 
from  Dr  Everett. 

Taking  into  account  the  fact  that  the  question  of  magnetic 
units  is  still  under  discussion  by  various  bodies,  the  Committee 
wish  to  come  to  no  hasty  decisions,  but  they  recommend  for  ten- 
tative adoption  the  following  terminology  : — 

1.  That,  as  a  unit  for  magnetic  field,  a  hundred  million 
"C.G.s.  lines"  be  called  a  weber. 

Note. — A  weber  added  per  second  at  a  steady  rate  to  the  field 
girdled  by  a  wire  circuit  induces  one  volt  in  every  turn  of  that 
circuit. 
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Hence  the  webers  "  cut "  by  a  closed  wire  circuit  of  n  turns 
are  equal  to  the  quantity  of  electricity  in  coulombs  thereby  im- 
pelled round  that  circuit  multiplied  by  -  th  its  resistance  in  ohms. 

2.  That  the  C.G.S.  unit  of  magnetic  potential  or  of  magneto- 
motive force  be  called  a  gauss. 

Note. — An  ampere-turn  corresponds  to  777  (or  T2566)  gauss. 

Hence  the  number  of  gausses  round  any  closed  curve  linked 
on  an  electric  circuit  is  equal  to  T2566  times  the  number  of 
ampere-turns  in  this  circuit. 

3.  That  the  termination  -ance  be  used  in  general  for  words 
expressing  the  properties  of  a  definite  body  or  piece  of  matter; 
e.g.}   resistance,  conductance,  inductance,   permeance,   reluctance, 
etc.;  and  that  the  termination,  -ivity  or  -ility  or  the  like  be  used 
for  words  expressing  the  specific  properties  of  a  material;   e.g., 
conductivity,  resistivity,  inductivity,  refractivity,  permeability,  etc. 

The  Committee  recommend  that  they  be  reappointed ;  that 
Professor  G.  Carey  Foster  be  Chairman  and  Mr  R.  T.  Glazebrook 
Secretary. 


APPENDIX. 
MAGNETIC  UNITS. 

To  the  British  Association  Committee  on  Electrical  Standards. 

Believing  that  the  Committee  is  impressed  with  the  convenience 
of  affixing  names  to  some  of  the  more  important  units  connected 
with  the  magnetic  circuit,  I  beg  to  suggest  the  following  con- 
siderations and  recommendations,  which  I  will  write  out  as  briefly 
as  possible.  The  statements  are  intended  to  be  precise  in  their 
terms;  but  in  several  cases  alternative  forms  of  definition  are 
given. 

(1)  That  the  unit  coefficient  of  self-induction,  though  frequently 
useful,  is  by  no  means  one  of  the  most  fundamental  units,  but 
should  be  defined  in  a  suitably  subordinate  manner,  with  reference 
to  other  and  more  important  quantities. 

(2)  That  it  would  be  a  mistake  so  to  define  it  as  to  discourage 
the  employment  of  the  same  term  for  as  many  other  quantities 
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of  the  same  "  dimensions "  as  possible ;  especially  for  the  unit 
coefficient  of  mutual  induction,  and  for  unit  "permeance." 

(3)  That  the  essentially  different  quantities  commonly  called 
H  and  B  should  be  carefully  kept  distinct,  although  their  measures 
in  air  have  been  conventionally  so  arranged  as  to  be  numerically 
equal. 

Summary    of  known  facts    and    definitions. — H    being    the 
intensity  of  magnetic  force  at  a  point,  or  the  slope  of  magnetic 

potential  (o>), 

rb 
<*>a  —  «&  =  I   Hds,  along  any  length  ab ; 

J  a 

and  in  a  closed  magnetic  circuit  the  circuitation  of  H  is  equal  to 
4-7T  times  the  total  electric  current  through  the  area  bounded 
by  the  magnetic  circuit ;  or, 

cycle  I  Hds  —  circuitation  of  H  =  1 1  4nrcdS  —  4nrG, 

or,  at  any  point  of  space, 

curl  H=VyH  =  47rc ; 

where  c  is  current  density. 

If  the  electric  circuit  consists  of  n  turns  of  wire  threading  the 
magnetic  circuit,  and  each  conveying  the  current  Cl}  then  C=nCl. 

First  quantity  to  be  named. 

(4)  The  first  thing  requiring  a  name  is  this  quantity  magnetic 
potential,    sometimes    called    magneto-motive  force ;    a    quantity 
spoken  of  and  measured,  not  inconveniently  but  with  insufficient 
generality,  by  electrical  engineers  as  ampere-turns.     It  has  been 
proposed  (by  Mr  Heaviside,  for  instance)  that  it  be  called  gaussage, 
and  that  its  C.G.S.  unit  be  one  gauss. 

(5)  The  circuital  gaussage  round  a  closed  curve  is  4?r  times 
the  total  electric  current  through  the  area  bounded  by  that  curve. 

In  the  case  of  a  magnetic  circuit  wound  with  wire  the  gaussage 

is  1^  times  f=-^-  or  1*2566]  the  ampere-turns  threading  that  circuit. 

Note. — It  may  be  best  to  retain  the  word  "  gaussage  "  for  the 
whole  of  a  closed  circuit  only,  and  to  speak  of  the  difference  of 
magnetic  potential  between  two  points  as  the  fall  of  gausses  or 
the  "  gauss-fall "  from  a  to  b. 
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(6)  The  gaussage,  or  gauss-fall,  in  any  portion  ab  of  a  magnetic 
circuit,  is  measured  by  the  change  in  the  potential  energy  of  a 
unit  pole  as  it  moves  from  a  to  6  by  any  path   which  involves 
neither   the   cutting  of  magnetic   layers   nor   the   encircling    of 
currents  (a  long  channel  being  imagined  for  its  motion  through 
solid  material  if  necessary).     Or,  more  practically,  it  is  measured 
by  the  induction  through  a  long  narrow  tube  whose  ends  are  at 
a  and   b   respectively,  divided  by  the  permeance  of  that  tube. 
(Cf.  Chattock  on  a  magnetic  potentiometer,  Phil.  Mag.  July  1887.) 

In  practice,  however,  gaussage  is  frequently  calculable  from  the 
ampere-turns  to  which  it  is  due. 

(7)  Intensity  of  magnetic  force,  or  H,  will  be  naturally  ex- 
pressed as  gauss-fall  per  centimetre,  or  the  gauss-gradient.     For 
instance,  the  earth's  horizontal  intensity  at  some  place  is  0*18 
gauss  per  linear  centimetre  or  5 '4  gausses  per  foot. 

Note. — H  should  not  (strictly  speaking)  be  expressed  as  so 
many  lines  per  square  centimetre ;  that  mode  of  expression  should 
be  reserved  for  induction-density  B.  H  is  the  cause,  and  should 
be  thought  of  as  the  slope  of  magnetic  potential,  B  is  the  effect. 
In  a  medium  of  so-called  unit  permeability  the  two  quantities  are 
numerically  equal,  but  they  should  not  be  confounded.;  any  more 
than  the  slope  of  electric  potential,  or  electric-intensity  (e),  should 
be  thought  of  as  identical  with  current-density,  even  in  a  medium 
of  unit  conductivity. 

(8)  The    gauss-gradient    inside    a  long   or   closed    magnetic 
solenoid  of  length  /,  wound  uniformly  with  n  turns  of  wire  each 
conveying  the  current  Clt  is  4nrnC1/l  —  4!7rnlCl;   where  ??,   is  the 
total  number  of  turns  of  wire  (in  all  the   layers)  to  the  linear 
centimetre. 

This  is  the  measure  of  H  in  the  interior  of  such  a  solenoid, 
quite  irrespective  of  the  material  with  which  it  may  happen  to  be 
filled. 

(8  a)  That  the  rotation  of  the  plane  of  polarisation  caused  by 
any  transparent  body  is  equal  to  the  number  of  gausses  between 
the  points  where  the  ray  enters  and  leaves  the  body,  multiplied 
by  the  appropriate  specific  constant  of  its  material  (sometimes 
called  Verdet's  constant);  in  other  words,  that  Verdet's  constant 
may  be  expressed  in  degrees  or  radians  per  gauss. 
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Second  quantity  to  be  named. 

(9)  The  second  quantity  requiring  a  name  is  the  total  induction 
in  a  magnetic  circuit,  also  called  "  total  flux,"  "  total  lines,"  "  electro- 
magnetic momentum,"  and  "  electrotonic  state."  It  is  the  quantity 
whose  time-rate  of  variation  gives  the  voltage  induced  in  an 
electric  circuit  surrounding  it  once.  It  is  proposed  that  its  prac- 
tical unit  be  called  a  "  weber,"  and  be  defined  as  equal  to  108  c.G.s. 
lines  (or  unit  tubes)  of  induction. 

(Denote  the  quantity  for  the  present  by  N,  and  its  density 
by  B.) 

Summary  of  known  facts. — e  being  the  intensity  of  electric 
force,  or  the  slope  of  electric  potential,  or  the  volt-gradient  at  a 
point;  the  circuitation  of  e  =  the  induced  E.M.F.  in  a  closed  circuit 
=  the  rate  of  change  of  induction  through  it ;  or, 


cycle  [eds  =  E=-N=-([BdS', 
or,  at  any  point  of  space, 


Through  a  simple  closed  electric  circuit  of  constant  resistance, 
N  =  -  JEdt  =  j  RCdt  =  RQ. 

(10)  The  total  induction  through  any  area  may  be  practically 
measured  by  suddenly  surrounding  it  with  a  closed  wire  circuit  of 
n  turns  connecting  the  terminals  of  a  ballistic  galvanometer,  and 
measuring  the  quantity  of  electricity  thereby  impelled  through 
the  galvanometer.  The  induction  is  equal  to  the  quantity  so 
impelled,  multiplied  by  I/rath  the  resistance  of  the  circuit.  If  the 
quantity  is  one  coulomb,  and  the  resistance  one  ohm,  the  induction 
is  I/ nth  of  a  weber. 

Or,  otherwise,  if  the  induction  through  any  boundary  changes 
at  the  rate  of  one  weber  per  second,  the  E.M.F.  excited  in  that 
boundary  is  1  volt. 

In  the  case  of  a  spiral  wire  circuit  through  which  induction  is 
varying  at  the  rate  of  a  weber  per  second,  one  volt  is  excited  in 
each  turn  of  the  wire. 
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(11)  Another  mode  of  measuring  the  total  induction  through 
an  area  is  to  surround  that  area  with  a  movable  electric  circuit 
of  n  turns  of  wire  conveying  a  known  current,  and  to  measure 
the  potential  (or  mechanical)  energy  of  the  circuit  under  those 
conditions.     The  induction  is  equal  to  the  potential  energy  of  the 
circuit  divided  by  n  times  the  current  circulating  in  each  turn  of 
wire. 

Or,  if  the  induction  through  a  simple  circuit  carrying  one 
ampere  is  one  weber,  the  potential  energy  of  the  circuit  is  one 
joule. 

Derived  quantities. 

(12)  Induction-density,  or  B,  may  be  expressed  as  so  many 
webers  per  unit  area;  say  per  square  centimetre  or  per  square 
inch,  or  whatever  is  preferred  for  practical  purposes. 

For  instance,  the  earth's  horizontal  induction-density  at  some 
place  is  018  c.G.s.  unit  =  018  x  10~8  weber  per  square  centimetre 
=  18  micro  webers  per  square  metre. 

(13)  The  inductivity  (/u,),  or  absolute  permeability  of  a  medium 
at  any  point  under  specified  circumstances,  is  the  ratio  of  B  to  H 
at  that  point,  and  under  those  circumstances.    In  many  substances 
this  ratio  is  far  from  constant.     [It  may  be  expressed  in  terms  of 
henrys  or  other  units  of  permeance  per  unit  length  (see  below), 
instead  of  in  C.G.s.  units,  if  convenient.     For  example,  the  in- 
ductivity of  air  is  T^th  of  a  microhenry  per  centimetre,  or  one 
millihenry  per  kilometre.]     More  explicitly  it  is  measured  by  the 
webers  per  unit  area  divided  by  the  gauss-fall  per  unit  length ; 
in  other  words,  by  the  ratio  of  the  weber-density  to  the  gauss- 
gradient. 

(14)  The  relative  inductivity  of  a  substance  as  compared  with 
that  of  empty  space  (/A/MO)  m&y  be  called  simply  its  "  permeability" 
as  at  present,  and  is  a  mere  number. 

(Its  electrical  analogue  is  specific  inductive  capacity  (K/K0), 
as  contrasted  with  absolute  electric  inductivity  (K) ;  which  latter 
could  be  defined  in  practical  units  as  the  ratio  of  the  coulombs 
displaced  per  unit  area  to  the  volt-gradient.) 
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Third  quantity  to  be  named. 

The  third  quantity  for  whose  unit  a  name  is  required  is  some 
form  of  ratio  between  the  two  fundamental  quantities  whose  units 
are  here  named  after  Weber  and  Gauss  respectively.  It  has  been 
practically  decided  in  America  that  this  unit  shall  be  named  after 
Prof.  Henry,  of  Washington,  and  that  it  shall  equal  109  C.G.s. 
units,  being  equivalent  to  the  earth-quadrant  or  secohm;  but 
the  precise  mode  of  definition  has  not  yet  been  finally  agreed 
upon. 

There  are  two  quantities  of  the  same  physical  dimensions  to 
which  the  name  is  applicable,  viz.,  the  coefficient  of  self  or  mutual 
induction  of  a  coil  or  coils  of  wire,  and  the  permeance  or  inverse 
reluctance  of  a  magnetic  circuit. 

The  most  logical  order  is  to  define  permeance  first,  as  the  ratio 
of  the  webers  of  induction  to  the  exciting  gaussage,  and  then  to 
say  that  the  inductance  of  a  coil  of  n  turns  of  wire  is  ri*  or  47rw2 
or  '4>7rn2  times  the  permeance  of  the  magnetic  circuit  which  it 
embraces,  according  to  the  units  of  gaussage  and  current  which 
have  been  decided  on. 

If  the  units  of  gaussage  and  current  are  both  the  C.G.s.  units, 
then  4-Tra2  is  the  numerical  factor  connecting  inductance  with 
permeance. 

If  the  C.G.s.  unit  of  gaussage  is  adopted  along  with  the  ampere- 
current,  then  '4f7rri*  is  the  factor. 

But  if  the  circulation  of  H  due  to  one  ampere-turn  is  adopted 
as  the  practical  unit  of  gaussage,  then  n*  is  the  factor;  and  the 

permeance  of  a  cylinder,  instead  of  being  simply  ~-  ,  is       ^,    . 

The  apparent  simplicity  of  this  last  system  has  much  to 
recommend  it  for  commercial  use,  though  it  will  complicate  the 
specification  not  only  of  permeance  but  also  of  magnetic  fields 
and  potentials;  but  some  inconvenience  due  to  the  unfortunate 
definition  of  the  unit  pole,  and  the  only  less  unfortunate  definition 
of  the  practical  unit  of  current,  cannot  be  avoided ;  and  our  aim 
must  be  to  place  the  inconvenience  where  least  likely  to  be  felt 
in  everyday  work. 
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First  system. 

We  will  begin  with  the  more  logical  system,  and  with  general 
statements  which  apply  to  both. 

(15)  In  a  complete  magnetic  circuit  the  ratio  of  the   total 
induction  to  the  corresponding  gaussage  under  specified  conditions 
is  called  the  "  permeance  "  of  that  circuit  under  those  conditions. 
It  is  not  in  general  constant. 

Or,  the  permeance  of  any  solenoidal  portion  of  a  magnetic 
circuit,  if  free  from  intrinsic  magneto-motive  force  or  magnetic 
boundary  layers,  is  the  webers  through  it  divided  by  the  gausses 
between  its  ends. 

(16)  The  practical  unit  of  permeance  is  that  of  a  circuit  in 
which  a  weber  is  excited  by  a  gauss.     Its  reciprocal  is  the  unit 
of  reluctance.     The  practical  unit  so  defined  is  108  c.G.s.  units. 

Examples. — The  permeance  of  a  cubic  metre  of  air  to  parallel 
induction  from  one  face  to  the  opposite  is  1  microweber  per  gauss. 

Under  circumstances  such  that  the  permeability  of  iron  is 
400  times  that  of  air,  the  permeance  of  an  iron  ring  of  one  deci- 
metre cross-section  and  one  metre  in  mean  diameter  is 

400-Trr2 

— — =.-  =  20?*  =  100  c.G.s.  =  again  one  microweber  per  gauss. 

It  is,  perhaps,  a  question  whether  this  amount  of  permeance 
could  be  called  "  a  microhenry "  without  confusion. 

Explanation. — The  inductance  (or  self-induction-coefficient)  of 
an  electric  circuit  consisting  of  n  turns  of  wire,  so  far  as  it  is 
constant,  is  defined  to  be  equal  to  n  times  the  induction  produced 
through  it  by  a  current  of  one  ampere  in  each  turn.  But  the 

gaussage  due  to  n .  ampere- turns  is  -r^r-  or  '^irn\  hence  the  in- 
ductance of  a  wire  coil  is  '47rw2  times  the  webers  caused  by  each 
gauss  in  the  magnetic  circuit  surrounded  by  it ;  i.e.,  is  '^im?  times 
the  permeance  of  that  circuit  considered  as  constant. 

(17)  A  coil  of  wire  threading  n  times  a  complete  magnetic 
circuit  of  unit  permeance  under  any  given  circumstances  is  said 
to  have  '47ra2  units   of  inductance   under  those   circumstances ; 
and  in  general  the  inductance  of  a  coil  of  n  turns  is  '4>7rn2  times 
the  permeance  (as  above  defined)  of  the  magnetic  solenoid  enclosed 
by  it.     (The  permeance  may  here  be  considered  variable.) 
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[With  the  ampere-turn  as  unit  gaussage  the  '4?r  is  prefixed 
similarly  to  both  inductance  and  permeance,  so  that  only  the 
factor  n2  is  needed  to  convert  one  into  the  other.  See  below.] 

(18)  The  c.G.S.  unit  of  inductance  is  equal  to  n  times  the 
induction  excited  through  a  coil  per  C.G.S.  unit  of  current  in  every 
turn  of  wire ;  whereas  the  practical  unit  of  inductance  is  n  times 
the  webers  excited  per  ampere ;  hence  the  practical  unit  of  in- 
ductance is  109  times  the  c.G.S.  unit. 

The  practical  unit  is  called  a  "henry."  (It  has  also  been 
called  secohm  and  quadrant.) 

Example. — If  the  above  iron  ring  were  wound  closely  with 
1000  turns  of  wire,  the  coil  would  have  a  coefficient  of  self-induc- 
tion equal  to  ^r-  or  1J  henrys  whenever  the  permeability  of  the 

iron  was  400. 

A  coil  of  20,000  turns  of  wire,  wound  closely  on  the  same  core, 
would  have  an  inductance  of  1J  henrys  if  it  contained  air  or  other 
non-magnetic  substance. 


Alternative  mode  of  definition  of  inductance  on  first  system. 

In  view  of  one  of  the  above  practical  methods  of  measuring 
induction  experimentally,  the  inductance  of  coils  of  wire,  both  self 
and  mutual,  may  be  defined  more  directly  thus : — 

(19)  When  of  two  simple  circuits  one  conveys  a  current,  the 
other  in  general  has  induction  caused  through  it;   and  the  ratio 
of  the  induction  through  either  to  the  inducing  current  in  the 
other  is  called  the  mutual  inductance  of  the  circuits. 

(20)  Of  two  coils,  with  n  and  n   turns  respectively,  the  total 
mutual  inductance  is  to  be  reckoned  for  every  turn  of  wire  on 
each  coil,  and  is  therefore  nn  times  the  inductance  of  the  mean 
turn  of  one  coil  on  the  mean  turn  of  the  other. 

(21)  The  mutual  inductance  of  two  coils  is  4>7rnn   times  the 
permeance  of  the  largest  magnetic  solenoid  which  threads  both. 
For  if  every  turn  of  one  conveys  a  current  C,  while  every  turn  of 
the  other  surrounds  an  induction  N'  in  consequence,  the  per- 
meance of  the  magnetic  solenoid  threading  the  second  coil  is 
P  =  N'/4>7rnC;    but    the   total   effective    mutual   induction,   MCy 
through  all  the  turns  is  n'N';    hence  M  =  4>7rnnP. 
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(22)  When  two  coils  each  conveying  one  ampere  are  con- 
stantly connected  by  one  henry  of  mutual  inductance,  the  kinetic 
energy  of  the  field  due  to  their  mutual  action  is  one  joule. 

(23)  If  the  ^/-induction  coefficient  of  a  coil  is  being  con- 
sidered,  its   total   inductance   may    be    taken    as    ?i2   times   the 
inductance  of  the  mean  turn ;    that  is  n  times  the  total  induction 
through  it  divided  by  the  inducing  current.     Or  the  weber-turns 
per  ampere  give  the  self-inductance  in  henrys. 

(23  a)  The  expression  weber-turns,  to  signify  the  product  of 
the  total  field  into  the  number  of  spires  surrounding  it,  though 
at  first  sight  not  in  precise  correspondence  with  the  phrase 
ampere- burns  where  the  current  circulates  in  the  spiral  instead 
of  forming  its  core,  is  really  accordant  with  it,  because  a  spiral 
and  its  core  are  geometrically  interchangeable. 

(24)  The  practical  unit  of  inductance,  whether  self  or  mutual, 
is  called  a  henry ;   and  a  coil  of  n  turns  has  a  henry  of  inductance, 
on   itself  or   on   another   of  n'  turns,  when  an  ampere  in  one 
maintains  1/ri  weber  of  induction  (through  itself  or)  through  the 
other. 

(25)  When  the  induction  through  a  coil  varies  for  any  reason 
at  the  rate  of  one  weber  per  second,  the  E.M.F.  generated  in  each 
turn  is  one  volt. 

(26)  When  the  inductance  of  a  coil  is  one  henry,  on  itself  or 
on  another,  a  small  variation  of  current  in  it  at  the  rate  of  one 
ampere  per  second  induces  an  E.M.F.  of  one  volt  in  itself  or  in  the 
other. 

(27)  When  the  inductance  of  a  coil  conveying  one  ampere 
varies  at  the  rate  of  a  henry  per  second,  the  induced  E.M.F.  is  one 
volt. 

(28)  When  the  self-inductance  of  a  coil  is  constantly,  or  on 
the  average,  one  henry,  while  an  ampere  current  is  generated  in 
it,  the  kinetic  energy  of  the  field  due  to  that  ampere  is  half  a 
joule. 

Second  system. 

(29)  If  instead  of  taking  a  gauss  as  equal  to  a  C.G.S.  unit  of 
magnetic  potential,  we  take  the  circulation  of  H  caused  by  one 
ampere-turn  as  the  practical  unit  of  magneto-motive  force,  we 

shall  have  1  ampere-turn  =  —  c.G.S.  units  of  gaussage. 

B.  A.  34 
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(30)  The  practical  unit  of  permeance  will  then  be  that  in 
which  a  weber  of  total  induction  is  excited  by  each  ampere-turn ; 
in  other  words,  it  will  be  4-n-  x  107  c.G.S.  units  of  permeance. 

(31)  And  the  practical  unit  of  inductance  will  be  that  of  a 

coil  in  which  an  ampere  in  every  turn  excites  -  th  of  a  weber 

n 

through  every  turn ;  that  is  to  say,  the  inductance  of  a  coil  will 
be  n2  times  the  permeance  of  the  magnetic  circuit  surrounded 
by  it. 

(32)  The   difference  between   inductance  and  permeance  is 
only  one  of  reckoning.     Permeance  is  webers  per  ampere-turn. 
Inductance  is  weber-turns  per  ampere. 


SUMMARY  OF  THE  ADVANTAGES  OF  THIS  SORT  OF  MODE  OF 
DEFINING  UNIT  INDUCTANCE. 


special  feature  of  this  mode  of  defining  the  "  henry  "  is 
that  it  makes  inductance  depend  on  the  simple  ratio  N/C,  or 
weber-turns  per  ampere,  instead  of  on  something  more  compli- 
cated. 

It  might  possibly  be  defined  as  the  ratio  dN/dC,  that  is,  as 
proportional  to  the  tangent  of  the  slope  of  the  B  :  H  curve  ;  and 
such  a  definition  would  emphasise  its  variability;  but  certain 
practical  advantages  would  be  lacking,  because  it  would  be 
detached  from  any  connexion  with  the  permeance  of  the  circuit. 
The  N/C  ratio  on  the  other  hand  instantly  connects  itself  with 
permeance,  and  represents  the  slope  of  the  secant  drawn  from 
the  origin  to  any  point  of  the  B  :  H  curve.  It  exhibits  the 
variability  sufficiently  ;  making  the  inductance  reach  a  maximum 
at  the  shoulder  of  the  curve,  and  then  slowly  decrease  as  saturation 
sets  in. 

It  is  sometimes  said  —  but  the  mode  of  expression  is,  to  say 
the  least,  very  inconvenient  —  that  there  are  three  different 
principles  on  which  to  define  L,  all  leading  to  a  different  result  : 
viz.,  numbering  them  inversely,  but  giving  them  in  their  usual 

order  :  — 

(3)     Energy    ............    W  =  $LC*, 

(2)     E.M.F  .............  E=LdC/dt, 

(1)     Total  induction  ...  N  =LC. 
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But  the  real  facts  to  be  expressed  are  not  here  exhibited. 
The  real  facts  are 

(1)  N=LC, 

(2)  E  =  dN/dt, 

(3)  dW=CdN. 

The  essential  thing  to  name  is  therefore  N;  and  if  108  c.G.s. 
lines  or  unit  tubes  be  called  a  "  weber,"  or  a  "  weber-turn,"  then 
a  volt  is  a  weber  or  a  weber-turn  per  second,  and  a  joule  is  a 
weber-ampere-turn.  Nothing  can  be  handier  than  that;  and  a 
henry  can  be  defined  as  a  weber-turn  per  ampere. 

Instead  of  saying  as  above  that  there  are  three  ways  of  defining 
L,  the  simplest  thing  is  to  say  that  two  of  the  three  equations  as 
first  given  above  are  incorrect,  except  for  the  special  and  in  practice 
comparatively  rare  case  when  L  is  constant.  Written  out  correctly 
they  stand  as  follows  :  — 

(1)    N=LC, 


(3) 

o 

It  is  then  obvious  that  (2)  and  (3)  are  too  complicated  to  base 
a  definition  upon,  and  that  the  first  alone  gives  a  feasible  system. 

The  fact  that  L  is  decidedly  not  in  general  constant  deprives 
the  henry  of  any  such  importance  as  the  ohm  possesses  ;  moreover, 
it  refers  explicitly  to  rather  a  special  thing,  viz.,  a  coil  of  wire, 
and  that  under  specified  conditions,  if  it  contain  iron;  hence  it 
would  be  rather  absurd  to  name  this  alone  of  all  magnetic  units. 
In  the  above  communication,  in  addition  to  a  certain  mode  of 
defining  the  henry,  it  is  urged  that  unit  total  induction  be  named 
too  ;  for  this  is  the  quantity  which  is  of  real  engineering  import- 
ance —  this  is  the  quantity  to  attain  which  field-magnets  are  built, 
and  in  the  midst  of  which  armatures  are  spun. 

It  is  also  urged  that  it  would  be  convenient  if  unit  magnetic 
potential  could  likewise  be  named,  since  electrical  engineers  have 
shown  that  they  have  need  of  some  such  unit  for  the  exciting 
cause  of  induction,  by  their  practical  employment  of  the  phrase 
"  ampere-turns."  The  introduction  of  a  gauss  unit,  in  some  form 
not  too  obviously  limited  to  the  case  of  a  wire-wound  coil,  would 
assist  teaching  and  would  clarify  magnetic  ideas 

34—2 
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The  present  writer  does  not  presume  to  decide  between  the 
two  alternative  systems  of  defining  "  the  gauss  "  as  given  above : 
viz.,  the  C.G.s.  unit  on  the  one  hand,  and  the  ampere-turn  on  the 
other. 

OLIVER  J.  LODGE. 

LIVERPOOL,  December  9,  1894. 

Postscript — Another  subject  for  discussion  is  whether  L  had 
better  not  be  defined  as  dN/dC'}  with  permeability  as  p  =  dBjdH 
to  correspond.  This  would  make  the  three  equations  on  p.  531 
stand  thus : — 


N 


=JLdC, 


(2)  E  =  LC, 

(3)  W  =  CN. 

A  letter  just  received  from  Mr  Heaviside  indicates  that  he  would 
probably  favour  this  course,  and  there  is  evidently  much  to  be 
said  for  it.  I  need  hardly  add  that  he  contemns  my  temporising 
method  of  dealing  with  the  4?r  nuisance. 

It  need  hardly  be  said  that  in  the  last  resort  it  rests  with 
practical  men  to  employ  or  decline  any  suggested  system  of  units. 
Those  who  daily  deal  with  the  quantities  under  consideration  are 
the  best  judges  of  the  utility  or  otherwise  of  a  suggested  unit, 
provided  always  that  they  take  the  trouble  to  give  it  a  fair  trial, 
and  see  how  it  works  in  practice.  It  may  be  hoped  that  the 
above  or  similar  suggestions  will  meet  with  criticism  at  the  hands 
of  such  men,  and  in  order  to  make  a  beginning  of  criticism  I 
asked  the  Departmental  Lecturer  on  Electrotechnics  at  University 
College,  Liverpool  (Mr  F.  G.  Baily),  to  consider  them  with  special 
reference  to 

(1)  The  large  size  of  the  weber  and  henry  units ; 

(2)  The  handiest  definition  of  the  gauss ;  and 

(3)  The  least  troublesome  mode  of  bringing  in  the  4?r. 

His  reply,  which  is  annexed,  covers  these  points,  and  also 
incidentally  refers  to  the  quantity  called  /  or  intensity  of 
magnetisation. 

Now,  as  must  often  have  been  pointed  out,  the  equation 
B  =  H  -f  4?r/  is  a  barbarous  one,  involving  as  it  does  quantities 
of  different  dimensions  in  one  equation.  Its  true  meaning  is  of 
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course  B  =  p<>H  +  (p  —  /^)  H\  which,  although  algebraically  only 
a  roundabout  method  of  writing  B  =  pH,  is  yet  convenient,  as 
exhibiting  separately  the  part  of  the  induction  due  to  the  ether 
and  the  part  due  to  a  material  medium. 

The  customary  convention  of  further  denoting  (//,  —  fa)/  fa  by 
the  symbol  4?™:,  and  then  christening  /cH  as  the  magnetisation  /, 
is  likewise  convenient.  With  this  definition  K  is  a  pure  number, 
and  /  is  a  gauss-gradient  or  field-intensity.  Another,  but  on  the 
whole  less  satisfactory,  definition,  viz.,  the  omission  of  /j^  from  the 
denominator,  would  make  K  of  the  same  dimension  as  /*,  and  / 
an  induction-density. 

The  pull  between  two  parallel  magnetised  surfaces  of  area  A  is 
\AEH^-^Tr,  that  is  to  say,  NH/&7T,  and  is  therefore  measured  in 
webers  multiplied  by  the  gauss-gradient,  or  in  joules  per  centi- 
metre. But  to  maintain  an  induction-density  B  in  air  requires 
a  gauss-gradient  -B//z0,  hence  we  might  write  the  pull  across  an 
air-gap  as  N2  -f-  STT/J,OA.  If  the  induction-density  across  an  air-gap 
is  expressed  in  microwebers  per  square  centimetre  the  tension 
there  comes  out  in  units  of  which  2,500  would  make  an  atmo- 
sphere; or,  roughly,  in  pounds  per  square  foot. 

As  for  the  strength  of  a  magnetic  pole  —  a  quantity  which, 
though  fundamental  in  one  sense,  is  seldom  really  dealt  with  —  - 
it  will  naturally  be  expressed  in  ergs  per  gauss,  or  in  joules  per 
gauss  if  it  is  very  strong. 

Mr  Baily's  chief  practical  suggestions  are  first  that  a  special 
unit  of  permeance,  other  than  the  henry,  is  desirable;  and  next 
that  the  47T/10  had  best  be  thrown  on  to  the  //,,  so  as  to  keep  the 
gauss  equal  to  one  ampere-turn..  The  fact  that  the  inductivity 
of  air  will  then  cease  to  appear  in  its  artificial  garb  of  unity  may 
even  be  regarded  as  a  positive  advantage,  because  its  existence 
will  then  be  less  likely  to  be  ignored.  But  I  much  fear  that  the 
ampere-turn  as  unit  of  gaussage,  so  near  the  C.G.S.  unit  in  size 
and  yet  not  equal  to  it,  will  be  awkward  and  may  lead  to 
mistakes. 

O.  J.  L. 


534  PRACTICAL   STANDARDS 


UNIVERSITY  COLLEGE,  LIVERPOOL, 
January  15,  1895. 

DEAR  PROFESSOR  LODGE, 

In  reference  to  the  sizes  of  the  magnetic  units  proposed  by 
you,  I  find  that  the  weber  108  c.G.s.  would  only  be  used  in  frac- 
tions. The  largest  dynamo  that  I  know  of  has  a  magnetic  flux, 
or,  as  you  propose  to  call  it,  an  induction,  of  -5  weber.  From  this 
the  value  will  go  down  to  about  '01  in  small  motors.  These 
figures  are,  however,  by  no  means  inconvenient. 

Transformers  will  be  rather  smaller.  In  these  the  weber-turn 
is  a  convenient  size  and  an  interesting  quantity,  as  it  is  given  by 
\  of  the  mean  volts  per  cycle,  or,  more  accurately  expressed,  mean 
volts  per  unit  frequency  -f-  4.  Its  numerical  value  will  lie  between, 
say,  J  and  50,  according  to  the  volts  and  the  frequency;  but  it 
gives  no  indication  of  the  size  of  the  transformer. 

The  henry,  109  c.G.s.,  is  also  large.  The  inductance  of  choking 
coils  would  in  general  be  fractions  of  a  henry.  The  inductance 
of  the  winding  of  a  transformer  has  no  very  important  meaning, 
but  it  has  a  convenient  size.  Measuring  it  as  mean  volts  per  unit 
frequency  -^four  times  the  open  circuit  current  in  amperes,  the 
inductance  of  the  primary  coil  on  a  2  H.P.  closed  magnetic  circuit 
1,000- volt  transformer  would  be  about  40  henrys. 

The  inductance  of  pairs  of  cables  would  run  from  100  to  1,000 
microhenrys  per  kilometre,  but  the  value  would  vary  with  the 
arrangement. 

The  induction  per  unit  area  is  good ;  having  a  value  in  practical 
work  from  1,000  to  20,000  C.G.S.  units,  it  is  given  by  10  to  200 
microwebers  per  sq.  cm. 

Gaussage  would  be  about  50  in  small  transformers,  up  to  40,000 
in  large  dynamos.  The  latter  could  be  conveniently  reckoned  in 
kilogausses.  To  make  the  gauss  =  1  ampere-turn  appears  to  have 
great  advantages  in  practice,  and  connects  it  directly  with  its 
usual  source. 

The  idea  of  permeance  is  very  useful,  and  the  identification 
of  its  dimensions  with  those  of  inductance  is  neat.  But  I  think 
it  is  liable  to  cause  confusion,  for  the  permeance  of  the  core  of  a 
coil  will  be  a  different  number  of  henrys  from  the  inductance  of 
its  wire.  Moreover,  the  argument  as  to  identical  dimensions 
might  equally  be  applied  to  the  case  of  amperes  and  gausses. 
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I  would  therefore  have  a  new  unit  strictly  connected  with  the 
henry,  so  that  inductance  =  n2  x  permeance  in  a  coil  of  n  turns. 

As  to  the  units  of  permeance:  with  the  above  meanings  of 
gauss  and  weber  the  permeance  of  a  circuit  would  be  4>7Tfj,A/IQl, 
as  you  point  out,  instead  of  pA/l.  But  I  wish  to  suggest  a  change 
in  the  method  of  reckoning,  namely,  still  to  retain  the  value  of 

webers  ,  ...  webers  per  sq.  cm. 

the  permeance  as  -      — ,  and  permeability  as  -  — , 

gausses  gausses  per  cm. 

therein  giving  up  the  convention  of  unit  permeability  of  space) 
and  giving  it  the  value  1*2566  x  10~8  units  of  permeance  for  a  unit 
cube.  In  this  way  both  the  troublesome  10~8  and  4?r/10  are 
dealt  with  in  an  easily  intelligible  way.  To  avoid  the  high  power 
of  10  it  may  be  measured  in  micro-units  of  permeance,  so  that 
permeability  of  space  and  air  =  '012566  micro-unit  of  permeance 
for  a  unit  cube,  and  permeability  of  soft  iron  =  up  to  25  micro- 
units  for  a  unit  cube.  Thus  we  have  permeance  =  Afj,/l,  where  fi 
is  to  be  obtained  from  tables  of  its  value,  which  can  easily  be 

altered  to  this  method.     Inductance  then  becomes  -      ^-rs —   — , 

amperes 

0  webers 

or  n*-         —  =  w2  permeance, 
gausses 

[Of  course  your  phrase  " weber-turns  per  amperes"  means  the 
same  as  the  above  webers  -r-  amperes,  and  does  not  necessarily 
mean  the  weber-turns  caused  by  one  ampere.] 

It  may  be  objected  that  the  C.G.s.  units  of  strength  of  field, 
unit  magnetic  pole  and  intensity  of  magnetisation  do  not  bear 
any  simple  relation  to  these  practical  units.  This  is  chiefly 
important  in  the  use  of  the  magneto-metric  measurement  of  iron, 
and  in  the  measurement  of  the  mechanical  form  of  attraction 
between  two  magnetic  surfaces  in  contact.  But  the  expressions 
are  not  in  reality  much  complicated;  e.g.,  present  C.G.S.  unit  of 
intensity  of  magnetisation  is  given  by  47r/  =  (/A  —  /z«)  H,  where 
Ht  =  permeability  of  space  =  1,  and  H=  C.G.s.  unit  of  magnetic 
force.  This  becomes  4?r/=  (ji  —  fif)  H'  108,  where  Hr  is  the 
gauss-gradient  in  the  magnetic  substance,  and  ///*=  '012566  micro- 
unit  of  permeance  for  a  cubic  centimetre. 

As  the  single  magnetic  pole  is  unchanged,  the  force  on  it  will 
be  =  strength  of  pole  x  gauss-gradient  x  T2566  ;  but  as  this  is  not 
a  calculation  of  frequent  occurrence,  except  in  magnetic  surveys, 
the  complication  will  not  be  serious.  Other  magnetic  relationships 
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are  almost  entirely  of  academic  interest  only,  and  would  be  carried 
out  in  C.G.S.  units.  Also  the  transition  would  present  no  diffi- 
culties t6  people  with  a  little  scientific  knowledge. 

I  am  of  opinion  also  that  as  the  legal  volt  has  no  direct  con- 
nexion with  induction  and  velocity  of  motion,  it  is  not  necessary 
to  define  the  practical  units  as  they  are  defined  absolutely.  That 
is,  ohm  and  ampere  are  the  starting  points,  volt  is  obtained  from 
them,  weber  from  volt,  gauss  from  ampere,  permeance  from  weber 
and  gauss,  henry  from  weber  and  ampere  or  from  permeance,  and 
so  on.  This  is  much  more  easily  explained  to  practical  and  un- 
scientific men  than  the  absolute  derivations  are,  and  it  is  the 
order  in  which  they  learn-  them. 

FRANCIS  G.  BAILY. 

REMARKS  ON  THE  ABOVE  (especially  on  pages  530 — 532). 

According  to  the  proposal  of  the  Chicago  Chamber  of  Delegates, 
the  quantity  which  we  call  "  inductance,"  and  which  is  to  be  ex- 
pressed in  "  henrys,"  is  defined  by  the  equation 

E  =  L  -j- ,  for  self-induction, 

or  E  =  M  -=- ,  for  mutual  induction, 

at 

both  being  comprehended  in  one  definition,  the  inductance  L  or 

dC 
dt 


M  being  calculated  by  dividing  E  in  volts  by  -=-•  in  amperes  per 


N 
second.     This  implies  that  L  or  M  is  not  to  be  defined  as  -~  > 

dN 

but  as  -j^j . 
di\j 

I  think  names  are  desirable  both  for  -~  and  for  -77^  .     I  would 

(j  dL> 

suggest  that  the  former  be  called  "  the  total  inductance,"  and  the 
latter  "  the  differential  inductance."  The  distinction  would  be 
somewhat  analogous  to  the  distinction  between  the  "  mean  specific 
heat  from  0°  to  t° "  and  the  "  true  specific  heat  at  t°."  Both  total 
and  differential  inductance  should  be  expressed  in  "  henrys,"  for 
they  are  quantities  of  the  same  kind,  and  when  there  is  no  iron, 
etc.,  in  the  field  they  are  equal. 

I  think  that  the  above  mode  of  definition,  involving  as  it 
does  no   magnitude   except   current   and  time,  is   more   readily 
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comprehended  than  Dr  Lodge's  proposed  definition,  in  which  the 
magnitudes  involved  are  current,  flux  of  induction,  and  the 
number  of  convolutions  of  the  coil  through  which  the  flux  passes. 
In  the  definition  proposed  by  the  Chicago  delegates  the  con- 
siderations of  the  number  of  convolutions  does  not  enter. 

For  a  circuit  or  two  circuits  not  having  iron,  etc.,  in  the  field 
we  may  define  inductance  (in  henrys)  as  the  E.M.F.  (in  volts)  due 
to  variation  of  current  at  unit  rate  (one  ampere  per  second). 
When  the  field  is  modified  by  the  presence  of  magnetic  material 
the  above  will  be  the  definition  of  "differential  inductance." 

The  "  total  inductance  "  for  any  specified  strength  of  current 
will  be  the  mean  value  of  differential  inductance  for  equal  incre- 
ments of  current  from  zero  up  to  the  specified  strength. 

I  would  suggest  similar  nomenclature   in   the  case   of  per- 

7  ry 

meability :  -j^   should   be   called   differential  permeability,   and 

JD 

jj-  total  permeability. 

In  some  respects  "  mean "  or  "  average "  would  be  a  more 
correct  designation  than  "  total " ;  but  these  words  would  be 
liable  to  be  misunderstood  as  referring  to  an  average  taken  over 
the  different  parts  of  the  body  or  circuit.  "  Total "  is  to  be 
understood  as  standing  for  "  calculated  on  totals." 

As  regards  the  magnitude  of  the  unit  of  inductance.  While 
I  agree  with  Mr  Heaviside  and  Dr  Lodge  that  the  unit  pole 
ought  to  have  been  so  defined  that  the  mutual  force  between 
two  poles  is  equal  to  their  product  divided  by  the  surface  of  a 
sphere  whose  radius  is  their  distance,  a  definition  which  would  have 
made  the  line-integral  of  H  due  to  a  current  0  equal  to  C  itself 
instead  of  to  47rC,  I  deprecate  a  mixing  up  of  the  two  systems. 
So  long  as  we  employ  our  present  unit  of  intensity  of  magnetic 
field,  which  results  from  our  present  definition  of  the  unit  pole, 
we  cannot  consistently  reckon  the  line-integral  as  equal  to  the 
ampere-turns.  It  must  be  reckoned  as  4?r  times  the  ampere-turns, 
and  the  flux  N  must  be  reckoned  as  4?r/x  times  the  ampere-turns. 
The  practical  inconvenience  of  retaining  the  factor  4?r  cannot  be 
considerable,  for  it  is  as  easy  to  tabulate  the  values  of  47T/-1  as 
the  values  of  p. 

Next  as  regards  "permeance."  I  do  not  think  it  can  con- 
veniently be  reckoned  in  henrys.  I  would  rather  reckon  it  in 
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"webers  per  ampere-turn,"  which  would  be  written  "web.  per 
amptu  " ;  and  there  can  be  no  possible  doubt  as  to  the  meaning 
intended  when  once  we  have  fixed  the  magnitude  of  the  "  weber." 
There  seems  to  be  no  difference  of  opinion  as  to  what  this  mag- 
nitude should  be.  It  is  fixed  by  the  relation  E  =  -j-  ,  E  being 

in  volts,  N  in  webers,  and  t  in  seconds.  This  is  in  accordance 
with  Dr  Lodge's  proposal ;  but  Dr  Lodge  has  not  explicitly  recom- 
mended any  name  for  the  physical  quantity  which  is  measured  in 
webers.  Shall  we  call  it  "  weberage  "  ?  It  greatly  needs  a  name  ; 
for  "  induction  "  may  mean  B  instead  of  the  surface  integral  of  B, 
besides  having  many  other  meanings. 

When  permeance  varies  according  to  the  strength  of  current, 

N 
I  would  distinguish  between  "  total  permeance  "  — ~  and  "  differ- 

„  IdN 

ential  permeance     -  -^  . 

As  regards  "  gaussage  "  and  "  gauss  fall."  I  think  the  names 
will  be  convenient  in  the  senses  proposed  by  Dr  Lodge,  but  I 
cannot  agree  with  his  selection  of  a  unit  of  measurement.  The 
present  definition  of  the  unit  pole  (on  which  the  present  unit 
current  is  based)  requires  us  to  equate  the  line-integral  in  question 
to  4}7rnC. 

To  be  consistent  we  must  reckon  gaussage  as  equal  to  4?r  times 
the  number  of  amptus.  Dr  Lodge's  proposal  is  to  reckon  C,  not 
in  amperes  but  in  c.G.s.  units,  thus  introducing,  as  it  appears  to 

me,  an  awkward  breach  of  continuity. 

J.  D.  EVERETT. 

Professor  Carey  Foster  has  written  objecting  to  the  term 
"  gauss-gradient,"  instead  of  "  magnetic  gradient "  ;  he  prefers  the 
latter,  just  as  he  would  prefer  "temperature-gradient"  to  "degree- 
gradient." 

Dr  Johnstone  Stoney  has  also  written,  urging  strongly  that 
not  the  c.G.s.  unit  of  magnetic  potential,  but  one-tenth  of  this 
quantity,  should  receive  a  name,  in  order  to  make  it  harmonise 
with  the  ampere  series ;  and  further  recommending  that  the 
names  "  weber  "  and  "  gauss,"  as  above  suggested,  should  be  inter- 
changed. 
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THE  comparison  between  the  set  of  standards  ordered  from 
Germany — referred  to  in  the  last  Report — is  not  yet  completed. 
The  work  will  be  continued  during  the  current  year. 

At  the  Ipswich  Meeting  of  the  Association  the  question  of 
a  standard  thermal  unit  was  referred  to  the  Electrical  Standards 
Committee,  and  has  been  under  their  consideration  during  the 
year. 

After  the  Ipswich  Meeting  Mr  E.  H.  Griffiths  sent  the  follow- 
ing letter  to  a  number  of  physicists  in  various  foreign  countries, 
together  with  a  copy  of  the  paper*  he  had  communicated  to  the 
Association : — 

Herewith  I  forward  you  a  copy  of  a  recent  communication  to  the  Philo- 
sophical Magazine,  in  which  I  have  endeavoured  to  call  attention  to  the 
unsatisfactory  nature  of  our  present  system  of  thermal  measurements. 

At  the  Ipswich  Meeting  of  the  British  Association  the  consideration  of  the 
question  of  a  standard  thermal  unit  was  referred  to  the  Electrical  Standards 
Committee. 

As  a  member  of  that  Committee  I  now  approach  you  with  a  request  that 
you  will  communicate  to  me  any  suggestions  which  you  may  regard  as  cal» 
culated  to  assist  our  deliberations  on  the  subject. 

I  am  anxious  to  lay  before  the  Committee  the  opinions  of  the  leading 
authorities  of  all  countries ;  I  trust,  therefore,  that  you  will  favour  me  with 
some  expression  of  your  views,  particularly  as  to  the  nature  and  magnitude 
of  the  thermal  unit  (if  any)  that  you  would  recommend  for  adoption. 

Unless  you  state  that  I  am  to  regard  your  reply  as  "  for  Committee  only  " 
or  "private,"  I  shall  conclude  that  you  have  no  objection  to  its  publication. 

The  importance  of  arriving  (if  possible)  at  some  general  agreement  regard- 
ing the  thermal  unit  will,  I  hope,  be  accepted  as  a  sufficient  excuse  for  thus 
troubling  you. 

*  Phil.  Mag.,  November,  1895. 
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Copies  of  the  circular  letter,  and  of  the  paper*  on  the  Thermal 
Unit,  were  sent  to  the  following : — 


Professor  Abbe,  Washington,  U.  S.  A. 
Professor  Ames,  Baltimore. 
Professor  Bartoli,  Pavia. 
Professor  Barus,  Providence,  R.  I. 
Professor  Benoit,  Sevres. 
Professor  Berthelot,  Paris. 
Professor  Boltzmann,  Vienna. 
Professor  Cajlendar,  Montreal. 
Dr  Chappuis,  Bureau  International, 

Sevres. 

Dr  Curie,  Paris. 
Professor  Dieterici,  Hanover. 
Professor  Dorn,  Halle. 
Professor  Du  Bois,  U.S.A. 
Professor  Willard  Gibbs,  Yale,  U.S.A. 
Dr  Guillaume,  Bureau  International, 

Sevres. 

Professor  Hall,  Harvard,  U.S.A. 
Professor  Himstedt,  Freiburg. 
Professor  Hittorf,  Minister. 
Professor  Joubert,  Paris. 
Professor  Kayser,  Bonn. 
Professor  Kohlrausch,  Berlin. 
Professor    de    Kowalski,     Freiburg, 

Switzerland. 

Dr  S.  P.  Langley,  Washington,  U.S.A. 
Professor  Landolt,  Berlin. 
Professor    Le    Chatelier,    School    of 

Mines,  Paris. 


Professor  Lippmann,  Paris. 
Professor  Victor  Meyer,  Heidelberg. 
Professor  Nernst,  Gottingen. 
Professor  Nichols,  Ithaca,  U.S.A. 
Professor  Olszewski,  Cracow. 
Professor  Ostwald,  Leipzig. 
Professor  Overbeck,  Tubingen. 
Professor  Paschen,  Hanover. 
Professor  Planck,  Berlin. 
Professor  Pellat,  Paris. 
Professor  Pernet,  Zurich. 
Professor    Potier,    ficole    Polytech- 

nique,  Paris. 

Professor  Quincke,  Heidelberg. 
Professor  Remsen,  Baltimore,  U.S.A. 
Professor  Rowland,  Baltimore,  U.S.A. 
Professor  Runge,  Hanover. 
Professor  Schuller,  Budapest. 
Professor  Stohmann,  Leipzig. 
Professor  J.  Thomsen,  Copenhagen. 
Professor  Van  't  Hoff,  Amsterdam. 
Professor    Vaschy,    ficole    Polytech- 

nique,  Paris. 

Professor  E.  Warburg,  Berlin. 
Professor  Wartha,  Budapest. 
Professor  Weber,  Zurich. 
Professor  E.  Wiedemann,  Erlangen. 
Professor  G.  Wiedernann,  Leipzig. 
Professor  Wiillner,  Aachen. 


Replies  were  received  from  the  following,  and  the  Committee 
desire  to  thank  those  who  so  courteously  responded  to  Mr  Griffiths' 
inquiry  for  their  very  valuable  assistance. 

Professor  Nichols,  Ithaca,  U.S.A. 
Professor  Olszewski  (and  Colleagues), 

Cracow. 

Professor  Ostwald,  Leipzig. 
Professor  Paschen,  Hanover. 
Professor  Planck,  Berlin. 
Professor  Quincke,  Heidelberg. 
Professor  Remsen,  Baltimore,  U.S.A. 
Professor  Rowland,  Baltimore,  U.S.A. 
Professor  Runge,  Hanover. 
Professor  Stohmann,  Leipzig. 
Professor  Wiillner,  Aachen. 


Professor  Ames,  Baltimore. 
Professor  Boltzmann,  Vienna. 
Professor  Callendar,  Montreal. 
Dr  Chappuis,  Bureau  International, 

Sevres. 

Professor  Dieterici,  Hanover. 
Professor  Dorn,  Halle. 
Dr  Guillaume,  Bureau  International, 

Sevres. 
Professor    Le    Chatelier,    School    of 

Mines,  Paris. 

Professor  Victor  Meyer,  Heidelberg. 
Professor  Nernst,  Gottingen. 

*  Phil.  Mag.,  November,  1895. 
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Extracts  from  such  replies  as  contain  definite  suggestions 
bearing  on  the  question  of  the  unit  of  heat  are  printed  in 
Appendix  I.;  the  letters  have  been  translated,  and  those  which 
merely  give  general  approval  to  some  such  scheme  as  that  out- 
lined have  not  been  included.  No  replies  were  received  adverse 
to  the  suggestion  that  an  endeavour  should  be  made  to  secure 
common  agreement  in  the  matter. 

The  concluding  propositions  of  Mr  Griffiths'  paper  were  sub- 
stantially as  follows  :— 

(I)  To   adopt   as   the   theoretical   unit   of-  heat   a   multiple 
(42  x  106)  of  the  erg. 

(II)  To  adopt  as  the  practical  unit  of  heat,  the  heat  required 
to  raise  1  gramme  of  water  1°  C.  of  the  nitrogen  thermometer  at 
some  temperature  t°  C.  as  given  by  that  thermometer. 

(III)  To   adopt   provisionally   some   formula  expressing  the 
specific  heat  of  water  in  terms  of  the  temperature  over  a  range 
of,  say,  10°  C. 

If  the  number,  42  x  10*  ergs,  be  adopted  for  the  theoretical 
unit,  then,  according  to  the  experiments  of  Rowland,  the  theoretical 
and  the  practical  unit  agree,  provided  that  the  temperature  t°  C. 
be  10°  C. 

Mr  Griffiths,  in  the  paper  already  referred  to,  has  made  a 
comparison  of  the  results  obtained  by  Joule,  Rowland,  Schuster, 
Mieulescu,  and  himself,  for  the  amount  of  energy  required  to  raise 
1  gramme  of  water  1°  C.  at  various  temperatures.  The  results 
differ  according  as  the  readings  of  Joule's  mercury  thermometer 
are  reduced  to  the  scale  of  Rowland's  air  thermometer,  or  to  the 
scale  of  the  nitrogen  thermometer,  as  has  been  done  by  Schuster. 

In  the  first  case  the  mean  values  are — 

At  10°  C.  (41-971  ±  -023)  x  106 ; 

and  at  15°  C.  (41-891  ±  "023)  x  106 ; 

and  in  the  second — 

At  10°  C.  (41-958  +  -029)  x  10e ; 

and  at  15°  C.  (41*875  ±  '029)  x  106. 

Tables  of  the  values  of  the  specific  heat  of  water  between 
10°  C.  and  20°  C.  have  been  calculated  by  Mr  Griffiths,  and  are 
given  in  Appendix  II. 

The  Committee  have  made  an  analysis  of  those  replies  which 
contain  definite  suggestions. 
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Most  of  the  writers  wish  to  see  some  multiple  of  the  erg 
adopted  as  the  theoretical  unit,  but  there  are  differences  of  opinion 
as  to  the  multiple  to  be  chosen. 

Thus,  Professors  Dorn  and  Wiillner,  Dr  Chappuis,  and  Pro- 
fessor Ames  would  prefer  42  x  106  ergs.  Professor  Ostwald, 
Professor  Olszewski  and  his  colleagues,  and  Professor  Callendar 
suggest  107  ergs.  Professor  Planck  and  M.  Le  Chatelier  suggest 
108  ergs,  or  in  the  case  of  the  latter,  as  an  alternative,  5  x  107. 

Professors  Rowland  and  Nichols  consider  the  ice  unit  as 
theoretically  best ;  the  latter,  however,  would  be  willing  to  adopt 
42  x  106  ergs  as  the  theoretical  unit,  while  Professor  Rowland 
writes:  "From  a  practical  standpoint,  however,  the  unit  depending 
on  the  specific  heat  of  water  is  certainly  the  most  convenient.  It 
has  been  the  one  mostly  used,  and  its  value  is  well  known  in 
terms  of  energy." 

There  is  fairly  general  agreement  in  the  view  that  as  a  practical 
unit  the  heat  required  to  raise  1  gramme  of  water  1°  C.  at  some 
fixed  temperature  must  be  taken,  but  views  differ  as  to  the  tem- 
perature which  it  is  most  convenient  to  choose. 

Mr  Griffiths  suggested  the  nitrogen  thermometer  as  the  standard 
of  temperature.  The  French  physicists  agree  in  the  opinion  that 
the  hydrogen  thermometer  should  be  adopted,  and  reasons  are 
given  for  this  in  the  letters  of  M.  Guillaume  and  M.  Chappuis. 
The  Committee  concur  in  this  view. 

The  Committee  are  of  opinion  that  Mr  Griffiths'  paper,  and 
the  replies  received  by  him,  show  clearly  that  it  is  desirable  to 
come  to  an  agreement  as  to  the  definition  of  the  unit  of  heat. 

They  understand  that  a  Committee  of  the  French  Physical 
Society  have  the  question  at  present  under  consideration,  and  they 
hope  it  may  be  possible  for  the  Electrical  Standards  Committee 
of  the  British  Association  to  co-operate  with  this  Committee  and 
with  representatives  of  other  foreign  countries  in  the  matter. 

The  Standards  Committee  have  provisionally  approved  the 
following  propositions,  with  the  view  of  opening  international 
discussion  of  the  question.  They  propose  to  send  the  propositions 
to  representative  bodies  throughout  the  world,  with  a  letter 
stating  that  they  have  been  provisionally  approved,  inviting 
further  discussion,  and  asking  those  bodies  to  take  the  steps 
which  seem  to  them  most  desirable  in  order  to  secure  international 
agreement  on  the  matter. 
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Proposition  I. — For  many  purposes  heat  is  most  conveniently 
measured  in  units  of  energy,  and  the  theoretical  c.G.s.  unit  of 
heat  is  1  erg.  The  name  Joule  has  been  given  by  the  Electrical 
Standards  Committee  to  107  ergs. 

For  many  practical  purposes  heat  will  continue  to  be  measured 
in  terms  of  the  heat  required  to  raise  a  measured  mass  of  water 
through  a  definite  range  of  temperature. 

If  the  mass  of  water  be  1  gramme,  and  the  range  of  tem- 
perature 1°  C.  of  the  hydrogen  thermometer  from  9'5°  C.  to 
10'5°  C.  of  the  scale  of  that  thermometer,  then,  according  to  the 
best  of  the  existing  determinations,  the  amount  of  heat  required 
is  4'2  Joules. 

It  will,  therefore,  be  convenient  to  fix  upon  this  number  of 
Joules  as  a  secondary  unit  of  heat. 

This  secondary  thermal  unit  may  be  called  a  "  Calorie." 

For  the  present  a  second  proposition  is 

Proposition  II. — The  amount  of  heat  required  to  raise  the 
temperature  of  1  gramme  of  water  1°  C.  of  the  scale  of  the 
hydrogen  thermometer,  at  a  mean  temperature  which  may  be 
taken  as  10°  C.  of  that  thermometer,  is  4'2  Joules. 

If  further  research  should  show  that  the  statement  in  II.  is 
not  exact,  the  definition  could  be  adjusted  by  a  small  alteration 
in  the  mean  temperature  at  which  the  rise  of  1°  takes  place. 
The  definition  in  I.  and  the  number  (4'2)  of  Joules  in  a  Calorie 
would  remain  unaltered. 

In  Appendix  II.  a  table  is  given  showing  the  capacity  for 
heat  of  water  between  10°  C.  and  20°  C.,  and  in  Appendix  III. 
the  value  of  the  total  heat  of  water  has  been  calculated  by 
Mr  Shaw  from  the  experiments  of  Regnault  and  Rowland. 

Professor  J.  V.  Jones  has,  during  the  year,  calculated  the 
correction  to  be  applied  to  the  value  of  the  international  ohm  in 
absolute  measure  given  by  him  at  the  Oxford  meeting  (1894),  in 
consequence  of  the  ellipticity  of  the  standard  coil  used  in  his 
experiments.  The  required  correction  is  *00684  per  cent.,  and 
the  corrected  value  of  the  international  ohm  is  '99983  x  10° 
absolute  units. 

In  conclusion  the  Committee  recommend  that  they  be  re- 
appointed,  with  a  grant  of  £5;  that  Professor  G.  Carey  Foster 
be  Chairman,  and  Mr  R.  T.  Glazebrook  Secretary. 
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APPENDIX   I. 

EXTRACTS  FROM  LETTERS  RECEIVED,  DEALING  WITH  THE 
QUESTION  OF  THE  UNIT  OF  HEAT. 

1. — From  Dr  C.  Dieterici,  Professor  of  Physics,  Hanover. 

[This  reply  has,  since  it  was  sent  to  Mr  Griffiths,  been  printed  in  full 
in  Wiedemanri's  Annalen  for  February,  1896.  It  is  therefore  not  thought 
necessary  to  print  it  again  here.] 

2. — From  Dr  Dorn,,  Professor  of  Physics,  Halle, 
December  27,  1895. 

[TRANSLATION.] 

...I  quite  agree  with  you  that  it  is  very  necessary  there  should 
be  an  improvement  in  the  department  of  calorimetry,  and  that 
the  first  step  must  be  the  determination  of  sharply  defined  units. 
I  agree  with  you  in  the  opinion  that  the  new  unit  ought  not  bo 
differ  in  a  marked  degree  from  the  present,  for  it  would  otherwise 
cause  great  inconvenience  to  both  physicists  and  chemists,  and 
there  would  be  no  hope  of  introducing  the  new  unit  technically. 

I  have  really  no  objection  to  offer  to  the  thermal  unit  being 
42  x  106  ergs  (or  rather  41 '89  x  106  ergs). 

3. — From  Dr   W.  Ostwald,  Professor  of  Chemistry,  Leipzig, 
February  12,  1896. 

[TRANSLATION.] 

I  entirely  agree  with  your  proposal  to  take  some  multiple  of 
the  erg  as  unit  of  heat.  Such  a  step  seems  to  me  so  undoubtedly 
necessary  that,  in  my  opinion,  the  question  is  when  and  not  if 
such  a  change  should  be  carried  out.  I  therefore  regard  your 
proposition  as  a  welcome  opportunity  for  going  into  the  neglected 
question,  and  I  may  say  that  I  am  determined  to  recalculate,  in 
the  forthcoming  third  edition  of  my  text-book,  the  whole  of  the 
thermo-chemical  data  in  such  a  manner  as  to  do  my  utmost  to 
dimmish  the  difficulties  consequent  on  the  transition.  I  have 
already  (in  1891)  expressed  my  opinion  very  clearly,  and  I  now 
send  you  the  memoir  referring  to  it*. 

*  See  Studien  zur  Energetik,  p.  577. 
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I  differ  from  your  proposals,  however,  as  regards  the  magnitude 
of  the  unit  to  be  adopted.  I  believe  that  only  an  erg  multiplied 
by  some  integral  power  of  10  should  be  chosen.  I  formerly  pro- 
posed a  Mega-erg,  but  have  now  altered  my  opinion. 

As  a  practical  multiple  of  the  erg,  we  already  possess  one  in 
electricity,  viz.,  the  Joule  =  107  ergs;  and  it  appears  to  me  to 
have  the  great  advantage  that  the  practical  unit  of  energy  in 
constant  use  in  the  two  great  departments  of  electrical  and  thermal 
measurements  would  be  identical;  therefore  I  do  not  think  that 
any  other  choice  could  be  so  advantageous. 

4. — From  Dr  F.  Paschen,  Tit.  Professor  of  Physics,  Hanover, 
November  24,  1895. 

...We  must  have  an  absolute  unit  simply  related  to  other 
absolute  units,  and  that  would  be  your  "  Rowland  "  ;  but  we  must 
also  know  how  to  realise  this  unit.  For  this  purpose  the  specific 
heat  of  water  must  be  fixed  for  each  temperature. 

I  think,  as  the  different  observations  on  the  variability  of  the 
specific  heat  of  water  differ  so  greatly  your  statement  III.  (p.  541) 
is  a  very  preliminary  one — I  think  it  would  be  best  to  propose 
that  a  new  determination  of  the  changes  in  the  specific  heat  of 
water  should  be  undertaken  by  some  institute  that  has  the  neces- 
sary apparatus  and  money. 

5. — From  Dr  M.  Planck,  Professor  of  Physics,  Berlin, 
November  25,  1895. 

[TRANSLATION.] 

If  I  may  venture  on  giving  my  opinion  on  the  propositions 
made  by  you,  I  must  emphasise,  before  all  things,  that  I  agree 
with  you  as  to  the  necessity  of  having  a  well-defined  universal 
unit  of  heat,  and  I  should  be  very  glad  if  your  well-considered 
plans  led  to  a  definite  result.  As  a  theorist  I  would  make  even 
more  radical  demands  as  to  the  unit  to  be  defined.  The  ideal 
universal  unit  of  heat  appears  to  me  to  be  still  more  closely 
related  to  the  definition  of  the  electrical  units ;  consequently 
I  would  define  : — 

I.  One  "  Rowland  "  (or  "  Meyer,"  or  "  Kelvin  ")  as  that  quan- 
tity of  heat  which  is  equivalent  to  108  ergs. 

II.  According  to  the  best  measurements  hitherto  obtained 
1  "  Rowland  "  is  that  quantity  of  heat  which  raises  1  gramme  of 
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water  at  15°  C.  through  2'39°  C.  It  would  be  possible  to  modify 
this  number  in  the  light  of  subsequent  experiments.  We  should 
thus  avoid  the  arbitrary  character  involved  in  the  choice  of  such 
numbers  as  41 '89  x  106  or  42  x  106.  At  the  same  time  I  quite 
acknowledge  that  the  establishment  of  this  unit  will  cause  a 
considerable  revolution  in  present  thermal  calculations  which 
will  be  difficult  to  carry  out,  and  it  will  therefore  probably  meet 
with  energetic  opposition  from  practical  physicists  and  from 
technical  men.  Still,  as  I  have  already  remarked,  I  should  con- 
sider it  a  great  step  in  advance  if  even  the  value  of  the  equivalent 
of  heat  were  established. 

6.—  From  Dr  Wullner,  Professor  of  Physics,  Aachen, 
February  23,  1896. 

[TRANSLATION.] 

I,  also,  have  finally  decided  on  determining  the  unit  of  heat 
by  the  work  done,  inasmuch  as  I  have  endeavoured  to  determine 
the  work  which  is  equivalent  to  the  mean  calorie  measured  by 
the  ice  calorimeter. 

1  hope  I  made  it  evident  that  I  am  quite  aware  of  the  un- 
certainty of  this  method  of  calibration.  I  thus  arrived  at  the 
value  4175*8  x  104,  or,  in  whole  numbers,  4176  x  104,  which, 
according  to  Rowland,  corresponds  to  the  heat  required  to  raise 
the  unit  weight  of  water  through  1°  C.  at  22°  C.  of  the  air 
thermometer. 

I  am,  however,  quite  willing,  if  an  agreement  can  be  arrived 
at,  to  discard  the  always  uncertain  relation  to  the  mean  unit  of 
heat,  and  to  accept  your  proposed  unit  42  x  106.  The  temperature 
15°,  at  which  the  specific  heat  of  water  is  then  unity,  is  more 
convenient.  The  consequence  of  such  an  agreement  will  be  that 
all  thermal  measurements  in  which  absolute  values  are  aimed  at 
will  be  made  with  the  water  calorimeter,  in  which  case  it  appears 
easier  to  experiment  with  temperatures  about  15° ;  also  we  are  in 
better  agreement  as  to  the  behaviour  of  water  between  10°  C. 
and  20°  C.,  although,  even  then,  there  is  not  complete  certainty. 
I  should,  for  example,  prefer  to  make  the  reductions  at  15°  entirely 
according  to  the  observations  of  Rowland,  as  he  has  directly 
measured  the  equivalent  of  heat  at  these  temperatures.  Finally, 
as  regards  the  designation  of  the  new  unit,  I  do  not  approve  of 
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giving  it  the  name  of  a  physicist ;  also  the  name  "  therm "  is 
suitable  for  English  physicists,  but  not  for  others. 

Why  should  we  not  simply  preserve  the  name  "  thermal  unit "  ? 
Or,  if  a  distinctive  name  is  used,  then,  approximating  to  the  long- 
used  "  calorie,"  call  the  new  unit  a  "  calor."  The  definition  would 
then  be,  "A  calor  is  the  heat  value  of  41'89  x  106  ergs,"  and,  until 
further  notice,  the  calor  will  be  equal  to  the  amount  of  heat 
which  will  raise  the  unit  mass  of  water  at  15°  through  1°  C. 

No  especial  name  has  been  given  to  the  length  of  the  mercury 
column  which  is  equivalent  to  1  ohm.  In  no  case  would  I  advocate 
the  adoption  of  a  second  definition  for  the  practical  unit  (besides 
"  Rowland,"  "  calor,"  or  simply  "  thermal  unit "),  as  that  would 
lead  to  confusion. 

7. — From  Dr  Boltzmann,  Professor  of  Theoretical  Physics,  Vienna, 
November  26,  1895. 

The  unit  ought  to  be  as  simple  as  possible  and  capable  of 
accurate  determination,  as  all  other  qualities  are  of  less  import- 
ance. It  would  be  simplest  to  choose  the  heat  which  raises  the 
temperature  from  10°  to  11°  C. 

In  general  I  am  in  accord  with  all  you  say  in  your  paper. 
The  most  important  thing  is  that  the  same  conception  should  be 
adopted  everywhere,  and  for  this  reason  I  will  fully  accept  the 
decision  of  the  majority  of  the  Committee. 

8. — From  Dr  K.  Olszewski,  Professor  of  Chemistry,  Cracow, 
December  14,  1895. 

I  have  taken  the  advice  of  my  colleagues  in  the  Cracow 
University,  Professors  Witkowski  and  Natanson,  and  I  beg  to 
submit  to  your  attention,  as  well  as  to  that  of  the  British  Associa- 
tion Electrical  Standards  Committee,  the  following  suggestions, 
being  the  conclusions  arrived  at  conjointly  by  the  above-named 
gentlemen  and  myself. 

1.  It  would  be  advisable,  on  theoretical  grounds,  to  select  a 
Joule,  or  107  ergs,  as  the  fundamental  theoretical  or  ideal  unit  of 
heat-energy.  Hence  the  following  proposal  is  brought  forward : — 

"That  the  theoretical  or  thermo-dynamical,  or,  say,  c.G.S. 
standard  thermal  unit,  be  defined  as  the  heat  equivalent  of 
a  Joule  or  of  107  ergs,  and  termed  a  thermal  Joule" 
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2.  That,  as  a  practical  thermal  unit,  the  quantity  of  heat 
required  to  raise  1  gramme  of  pure  water  through  1°  of  the  thermo- 
dynamical  scale  at  15°  of  that  scale  be  temporarily  adopted. 

3.  That,  in  view  of  the  exceptional  importance  of  the  question, 
steps  be  taken,  by  international  co-operation  or  otherwise,  leading 
to  the  determination  of  the  numerical  value  of  the  ratio  between 
the  theoretical  unit  and  the  practical  unit,  defined  by  15°,  as  above 
stated,  by  some  at  least  of  the  leading  physical  and  metrological 
laboratories  and  institutions  of  the  world,  with  the  highest  degree 
of  accuracy  nowadays  attainable  ;  and  to  the  extension  (if  possible) 
of  such  determinations  over  as  great  a  range  of  temperature  as 
practicable.     Added  to  the  highly  valuable  work  already  done, 
such  an  investigation  cannot  fail  to  settle  the  question  of  the 
specific  heat  of  water ;  and  if  this  be  done,  the  subject  of  thermal 
units  will  have  lost  nearly  all  of  its  present  difficulty. 

9. — From  Dr  Chappuis,  Bureau  International  des  Poids  et 
Mesures,  Sevres,  February  2,  1896. 

[TRANSLATION.] 

...Your  arguments  have  led  me  to  accept  the  propositions  given 
by  you  on  p.  541. 

If,  however,  I  may  be  allowed  to  express  a  wish,  it  is  that  the 
values  may  be  reduced  to  the  normal  scale  of  temperature,  i.e.,  to 
that  of  the  hydrogen  thermometer,  and  not  to  the  air  or  nitrogen. 

It  is  true  that  the  difference  between  these  scales  is  very  small, 
but  still  it  is  perfectly  measurable.  Some  experiments  of  the  Bureau 
International  des  Poids  et  Mesures  (not  yet  published)  have  led  me 
to  the  conclusion  that  the  thermometric  scale  of  hydrogen  is  inde- 
pendent of  the  initial  pressure  between  0'5  and  2  atmospheres,  and 
that  the  hydrogen  thermometer  at  constant  pressure  gives  sensibly 
the  same  values  as  that  thermometer  at  constant  volume.  It  is 
not  so  with  the  nitrogen  or  the  air  thermometer. 

The  difference  between  the  nitrogen  and  hydrogen  scales  is; 
indicated  both  in  the  original  memoir  (Trav.  et  Mem.  du  Bureau 
International,  Vol.  vi.)  in  the  pamphlet  on  thermometry  of  pre- 
cision by  M.  Guillaume,  as  well  as  in  Landolt  and  Bornstein's 
physical  tables,  2nd  edition,  p.  93.  Also  a  great  number  of 
physicists  have  adopted  the  decision  of  the  International  Com- 
mittee of  Weights  and  Measures  to  take,  as  the  normal  scale  of 
temperature,  that  of  the  hydrogen  thermometer  at  constant  volume. 
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10.—  From  Professor  Le  Chatelier,  School  of  Mines,  Paris. 
[TRANSLATION.] 

...I  should  like  the  thermal  unit  to  be  a  number  of  ergs  chosen 
arbitrarily ;  either  108  ergs,  or,  in  order  to  approach  more  nearly 
to  the  present  unit,  5  x  107  ergs.  Then,  as  practical  unit,  I 
should  like  two:  (1)  A  unit,  of  precision  analogous  to  the  ohm, 
which  should  be  the  quantity  of  heat  yielded  by  a  given  mass  of 
mercury  in  passing  from  one  state  to  another,  the  states  being 
defined  by  volume  or  electrical  conductivity.  (2)  The  present 
unit  should  be  the  specific  heat  of  water  at  15°. 

The  use  of  water  is  indispensable  for  current  researches,  but 
it  appears  to  me  very  doubtful  for  researches  of  precision. 

It  is  supposed  that  the  condition  of  water  and,  consequently, 
its  internal  energy  are  completely  determined  when  the  pressure 
and  temperature  are  ascertained.  Now,  nothing  is  less  probable. 
Since  Ramsay's  researches,  we  know  decisively  that  water  is 
formed  of  a  mixture  of  molecules  at  various  degrees  of  associa- 
tion ;  it  is  a  system  in  equilibrium.  The  state  of  equilibrium  of 
analogous  systems  is  in  theory  entirely  defined  when  the  pressure 
and  temperature  are  known.  But  in  practice  the  state  of  equi- 
librium is  only  attained  with  an  extreme  slowness,  and  sometimes 
it  is  never  reached.  The  lower  the  temperature,  the  more  serious 
are  those  delays  in  reaching  the  state  of  equilibrium.  It  is 
therefore  possible  that  the  specific  heat  of  water  varies  with  the 
temperature,  and  that  it  differs  according  to  whether  the  initial 
temperature  of  the  experiment  has  been  reached  when  ascending 
or  descending. 

11. — From  Dr  Guillaume,  Bureau  International  des  Poids 
et  Mesures,  Sevres,  November  19,  1895. 

[TRANSLATION.] 

I  believe  that  if  the  French  Committee  adopt  your  proposal 
as  to  the  fixing  of  the  new  unit,  they  will  declare  themselves  still 
more  decidedly  in  favour  of  the  name  which  you  have  given  them, 
as  it  has  already  been  proposed  here  to  name  "  therm  "  the  equi- 
valent of  heat  of  the  erg  or  of  one  of  its  decimal  multiples. 

I  do  not  think,  in  return,  that  we  could  agree  with  you  as  to 
the  scale  of  the  nitrogen  thermometer.  There  appears  to  be  no 
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doubt  that  the  hydrogen  thermometer  gives  a  scale  extremely 
like  the  thermo-dynamic,  and  that  it  is,  at  all  events,  the  most 
analogous  we  can  have.  Sooner  or  later  it  will  be  necessary  to 
adopt  the  thermo-dynamic  scale,  and  it  is  well  to  now  approach 
to  it  as  nearly  as  possible. 

Besides,  this  scale  is  one  of  a  certain  small  number  of  units 
on  which  a  legal  authority  has  been  conferred.  It  is  now  included 
in  the  decisions  arrived  at  by  the  International  Committee  of 
Weights  and  Measures,  which  a  certain  number  of  States  have 
introduced  into  their  legislation. 

In  itself  the  thing  is  actually  of  little  importance;  but  it 
becomes  more  important  in  proportion  as  experiments  become 
more  exact,  and  it  is  best  to  have  as  little  as  possible  to  change 
in  the  end. 

12. — From  Professor  J.  S.  Ames,  Johns  Hopkins  University,  U.S.A., 
December  10,  1895. 

...I  must  say  your  proposal  appeals  to  me  in  every  way.  The 
10°  unit  seems  to  me  to  be  preferable  to  the  15°  one. 

13. — From  Professor  H.  L.  Callendar,  Professor  of  Physics, 
McGill  University,  Montreal,  December  5,  1895. 

I  entirely  agree  that  it  would  be  a  very  great  improvement 
to  adopt  an  absolute  unit  in  place  of  the  present  various  and 
uncertain  units  based  upon  the  peculiar  properties  of  water.  I 
think,  however,  that  it  would  be  better  to  connect  it  more  simply 
and  directly  with  the  system  of  electrical  units,  and  to  use  only 
names  which  are  already  familiar  to  all  engineers,  than  to  attempt 
to  retain  a  close  approximation  to  the  value  of  any  of  the  old 
specific  heat  units,  which  are  essentially  arbitrary. 

The  following  are  the  names  of  the  series  of  thermal  units 
which  I  should  be  inclined  to  suggest  as  being  already  familiar 
in  practice : — 

1.  The  thermal  watt-second,  or  "Joule,"  defined  as  being 
equivalent  to  107  c.G.s.  units  of  work.  A  rider  might  be  added 
to  the  effect  that,  according  to  the  best  determinations,  this  unit 

is  approximately  equal  to  ^  of  the  gramme  degree  centigrade 
at  10°  C. 
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2.  The  thermal  watt-hour,  which   would   be   equivalent    to 
3600  Joules,  and  would  therefore  be  of  a  similar  magnitude  to 
the  kilogramme  degree  centigrade,  which  is  so  largely  used  in  the 
thermo-dynamics  of  the  steam-engine.     The  watt-hour,  in  fact, 
would  be  exactly  fths  of  the  kilogramme  degree  centigrade  at 
some  temperature  in  the  neighbourhood  of  10°  C. 

3.  The  thermal  kilowatt-hour,  or  simply  kilowatt-hour,  which, 
as  the  Board  of  Trade  unit  of  electrical  energy,  is  already  so 
familiar   and   useful   for   the  commercial   measurement  of  large 
quantities  of  energy. 

In  connexion  with  the  latter  unit  it  may  be  remarked  that 
it  would  be  a  great  advantage  if  engineers  could  be  induced  to 
adopt  the  kilowatt  as  their  unit  of  mechanical  power  in  place  of 
the  horse  power.  The  latter  unit  differs  from  the  "  cheval-vapeur," 
and  being  based  upon  the  foot-pound  has  different  values  in 
different  latitudes.  For  the  order  of  accuracy  generally  attainable 
in  steam-engine  work,  it  would,  as  a  rule,  be  sufficient  to  take  the 
horse  power  as  being  f  ths  of  the  kilowatt  power. 

For  steam-engine  work  undoubtedly  one  of  the  most  important 
units  at  present  in  use  is  the  British  thermal  unit,  or  pound 
degree  Fahrenheit.  It  happens  that  the  watt-hour  is  very  nearly 
equal  to  3'400  B.T.u.  The  reduction  of  the  latter  to  watt-hours 
may  be  very  readily  effected  by  multiplying  by  0'3  and  then 
reducing  the  result  by  2  per  cent. 

It  would  seem,  on  the  whole,  not  improbable  that  the  simple 
adoption  of  all  the  familiar  units  of  electrical  energy,  with  the 
prefix  "  thermal,"  if  necessary,  as  our  absolute  units  of  heat,  would 
result  in  a  more  general  agreement  and  a  greater  simplification  of 
expression  than  any  attempt  to  re-define  one  of  the  older  units 
in  terms  of  the  absolute  system.  The  latter  course  might  readily 
lead  to  confusion,  and  would  necessitate  the  retention  of  the 
constant  factor  J=4'2xl07  in  our  equations  whenever  they 
involved  electrical  or  mechanical  measurements. 

To  put  the  question  in  a  brief  and  concrete  form  for  the 
consideration  of  the  Committee,  I  think  that  the  views  above 
expressed  might  be  embodied  in  some  such  resolutions  as  the 
following : — 

1.  That  the  thermal  equivalents  of  the  practical  units  of 
electrical  energy  above  mentioned  may  be  taken  as  convenient 
absolute  units  of  heat. 
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2.  That   when   used    to    denote    quantities    of    heat    these 
units  may  be  distinguished,  if  necessary,  by  prefixing  the  word 
"thermal." 

3.  That    the   "thermal  watt-second,"  which  is  intended  to 
represent  107  C.G.S.  units  of  energy,  be  also  called  a  "Joule." 

4.  That  the  heat  developed  by  an  electromotive  force  equal 
to  that  of  a  standard  Clark  cell  at  15°  C.,  when  acting  through  a 
resistance  equal  to  one  standard  ohm,  may  be  taken  as  1*4340 
Joules  per  second. 

5.  That  (pending  the  results  of  further  investigations)  the 
quantity  of  heat  required  to  raise  the  temperature  of  one  gramme 
of  water  through  one  degree  of  the  centigrade  air  thermometer 
in  the  neighbourhood  of  10°  C.  may  be  taken  as  4*200  Joules. 

6.  That  the  thermal  watt-hour,  which  is  equal  to  3*600  Joules, 
may  be  taken  as  equal  to  f  ths  of  the  kilogramme  degree  centigrade 
at  10°  C.,  or  as  equal  to  3*4  times  the  pound  degree  Fahrenheit 
at  50°  F. 

7.  That  for  the  reduction  of  observations  to  the  standard 
temperature  of  10°  C.  or  50°  F.,  the  temperature  coefficient  of  the 
diminution  of  the  specific  heat  of  water  may  be  taken  as  *00036 
per  1°  C.,  or  *00020  per  1°  F.,  over  the  range  10°  to  20°. 

With  regard  to  the  last  resolution  I  do  not  see  that  anything 
would  be  gained  in  the  present  state  of  our  knowledge  by  adopting 
a  more  complicated  or  discontinuous  formula  of  reduction,  until 
we  are  prepared  to  extend  it  to  higher  ranges  of  temperature. 

The  name  "Joule,"  as  that  of  the  father  of  the  mechanical 
measurement  of  heat,  would  not,  I  think,  be  open  to  objection. 
At  the  same  time  I  feel  that  the  choice  of  a  special  name  for  the 
absolute  unit  of  heat  is  one  comparatively  of  secondary  import- 
ance. The  really  essential  points  to  impress  upon  the  world  of 
science  in  general,  and  upon  engineers  in  particular,  are,  that 
the  specific  heat  of  water  is  far  from  constant,  and  that  772  foot- 
pounds are  not  very  accurately  equivalent  to  the  B.T.U.  Also 
that  in  measuring  quantities  of  heat  by  the  rise  in  temperature 
of  a  mass  of  water  it  is  most  important  to  have  an  accurately 
verified  thermometer,  and  to  state  the  limits  of  temperature 
between  which  the  observations  were  taken.  It  would  certainly 
be  a  great  advantage  for  the  reduction  and  comparison  of  obser- 
vations to  use  always  the  same  standard  formulae,  such  as  those 
which  you  suggest ;  but  it  would  still  be  necessary  in  accurate 
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work  to  state  the  limits  of  temperature  for  subsequent  identifica- 
tion, should  these  formulae  prove  on  more  exact  investigation  to 
be  not  sufficiently  approximate. 

14. — From  Professor  E.  L.  Nichols,  Professor  of  Physics,  Cornell 
University,  Ithaca,  U.S.A.,  January  12,  1896. 

The  suggestion  of  defining  the  heat  units  by  means  of  the 
melting  of  ice  strikes  me  so  favourably  that,  in  spite  of  the 
difficulties  which  have  hitherto  been  found  in  determining  the 
precise  heat  of  fusion,  I  am  considering  the  question  of  the  re- 
determination  by  new  methods  with  a  view  of  finding  whether 
one  can  obtain  a  sufficient  degree  of  accuracy  to  warrant  the 
adoption  of  the  heat  of  fusion  of  water  as  the  basis  for  thermal 
measurement. 

15. — From  Professor  Rowland,  Professor  of  Physics,  Johns 
Hopkins  University,  U.S.A.,  December  15,  1895. 

As  to  the  standard  for  heat  measurement,  it  is  to  be  considered 
from  both  a  theoretical  as  well  as  a  practical  standpoint. 

The  ideal  theoretical  unit  would  be  that  quantity  of  heat 
necessary  to  melt  one  gramme  of  ice.  This  is  independent  of 
any  system  of  thermometry,  and  presents  to  our  minds  the  idea 
of  quantity  of  heat  independent  of  temperature. 

Thus  the  system  of  thermometry  would  have  no  connexion 
whatever  with  the  heat  unit,  and  the  first  law  of  thermodynamics 
would  stand,  as  it  should,  entirely  independent  of  the  second. 

The  idea  of  a  quantity  of  heat  at  a  high  temperature  being 
very  different  from  the  same  quantity  at  a  low  temperature  would 
then  be  easy  and  simple.  Likewise  we  could  treat  thermo- 
dynamics without  any  reference  to  temperature  until  we  came 
to  the  second  law,  which  would  then  introduce  temperature  and 
the  way  of  measuring  it. 

From  a  practical  standpoint,  however,  the  unit  depending  on 
the  specific  heat  of  water  is  at  present  certainly  the  most  con- 
venient. It  has  been  the  one  mostly  used,  and  its  value  is  well 
known  in  terms  of  energy.  Furthermore,  the  establishment  of 
institutions  where  it  is  said  thermometers  can  be  compared  with 
a  standard  renders  the  'unit  very  available  in  practice.  In  other 
words,  this  unit  is  a  better  practical  one  at  present.  I  am  very 
sorry  this  is  so,  because  it  is  a  very  poor  theoretical  one  indeed. 
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But  as  we  can  write  our  text-books  as  we  please,  I  suppose 
that  it  is  best  to  accept  the  most  practical  unit.  This  I  conceive 
to  be  the  heat  required  to  raise  a  gramme  of  water  1°  C.  on  the 
hydrogen  thermometer  at  20°  C. 

I  take  20°  because  in  ordinary  thermometry  the  room  is  usually 
about  this  temperature,  and  no  reduction  will  be  necessary.  How- 
ever, 15°  would  not  be  inconvenient,  or  10°  to  20°. 

As  I  write  these  words  I  have  a  feeling  that  I  may  be  wrong. 
Why  should  we  continue  to  teach  in  our  text-books  that  heat  has 
anything  to  do  with  temperature  ?  It  is  decidedly  wrong,  and  if 
I  ever  write  a  text-book  I  shall  probably  use  the  ice  unit.  But 
if  I  ever  write  a  scientific  paper  of  an  experimental  nature  I  shall 
probably  use  the  other  unit. 


APPENDIX    II. 
THE  CAPACITY  FOR  HEAT  OF  WATER  FROM  10°  TO  20C 

REFERRED   TO    ITS   CAPACITY   AT   10°  C.    AS   UNITY. 


C. 


— 

Rowland 

Griffiths 

Bartoli  and 
Stracciati 

Mean 

10° 

1-0000 

1-0000 

1-0000 

1-0000 

11° 

•9995 

-9997 

•9997 

•9996 

12° 

•9990 

-9994 

•9994 

•9993 

13° 

•9985 

'9991 

•9991 

•9989 

14° 

•9980 

•9989 

•9988 

•9986 

15° 

•9974 

•9986 

•9985 

•9982 

16° 

•9969 

•9983 

•9981 

•9978 

17° 

•9964 

•9981 

•9979 

•9975 

18° 

•9959 

•9978 

•9978 

•9972 

19° 

•9954 

•9975 

•9977 

•9969 

20° 

•9950 

•9973 

•9977 

•9967 

(Numbers  given  in  italics  are  obtained  by  extrapolation.) 

NOTE. — If  we  assume  the  validity  of  the  numbers  in  the  last 
column,  then  any  quantity  of  heat  (Qt)  expressed  in  terms  of  the 
capacity  for  heat  of  water  at  tc  C.  may  be  expressed  with  sufficient 
accuracy  in  terms  of  the  thermal  unit  at  10°  C.  (Q10)  by  means  of 
the  following  formula : — 

fto  =  ft  }1- '00033  (£-10)}, 
where  t  lies  between  10°  and  20°  C. 

Then  Q10  x  4*2  gives  the  equivalent  in  Joules. 
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APPENDIX   III. 

RECALCULATION  OF  THE  TOTAL  HEAT  OF  WATER  FROM  THE 
EXPERIMENTS  OF  REGNAULT  AND  ROWLAND.    BY  W.  N.  SHAW. 

Tables  of  Thermal  Data  expressed  in  terms  of  Joules. 

The  thermal  data  depending  upon  a  thermal  unit,  which  are, 
as  a  rule,  included  in  tables  of  physical  constants,  comprise  the 
following : — 

The  variation  of  the  specific  heat  of  water  with  variation  of 
temperature. 

Specific  heats  of  various  substances,  solid,  liquid,  or  gaseous. 

Latent  heats  of  fusion. 

Latent  heats  of  evaporation. 

Heat  of  chemical  action. 

Thermal  conductivities  of  various  substances. 

The  tables  are  mainly  compiled  by  grouping  the  results  ob- 
tained by  a  number  of  observers.  Such  results  are  only,  strictly 
speaking,  comparable  where  the  scales  of  temperature,  and  the 
thermal  units  adopted  for  the  reduction  of  the  observations,  are 
identical.  With  different  observers  this  is  only  the  case  if  very 
rough  approximation  be  allowed ;  but  the  experimental  data 
communicated  in  the  description  of  observations  sometimes  afford 
the  possibility  of  putting  the  results  upon  a  better  footing  for 
comparison  than  that  upon  which  the  author's  own  reductions 
leave  them.  It  is  clear  that  the  auxiliary  data  which  must  be 
used  in  order  to  render  the  results  strictly  comparable,  are  in 
effect  precisely  those  which  are  necessary  to  express  the  author's 
data  in  absolute  measure,  except  that  for  the  mere  purposes  of 
comparison  one  datum — the  dynamical  equivalent  at  one  specified 
temperature — is  not  actually  required.  At  the  same  time  the 
comparison  of  data  is  in  no  way  vitiated  by  the  use  of  some 
number  (for  the  present  a  conventional  one),  in  order  to  convert 
a  result  from  some  definite  gramme-degree-unit  to  Joules. 

An  examination  of  the  tables  of  thermal  data  with  a  view 
to  expressing  the  results  in  Joules  furnishes,  therefore,  a  very 
effective  test  of  the  comparability  of  the  results  obtained  by 
different  observers  for  the  same  thermal  constants,  and,  moreover, 
the  difficulties  to  be  met  with  in  making  the  reduction  to  Joules 
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give  the  best  indication  of  the  points  which  must  be  settled  before 
the  results  of  thermal  measurement  can  be  regarded  as  final.  To 
carry  out  such  an  examination  completely,  using  numbers  for 
reduction  that  can  only  be  regarded  as  provisional,  would  be  an 
unnecessary  labour;  but  a  few  selected  instances  may  help  to 
exhibit  some  of  the  uncertainties  which  might  reasonably  be 
expected  to  disappear  if  observers  once  recognised  the  desirability 
of  expressing  all  thermal  measurements  in  Joules,  or  in  some 
recognised  equivalent, 

TABLE  I. — Total  heat  of  water  at  various  temperatures  of  the 
absolute  scale  (hydrogen  thermometer)  between  10°  and  36°, 
expressed  in  Joules  (Rowland's  experiments). 


T 

Total  Heat  iii 
Joules  between 
0°  and  T° 

T 

Total  Heat  in 
Joules  between 
0°  and  T° 

5° 

21-044* 

21° 

88-144 

6° 

25-254 

22° 

92-321 

7° 

29-462 

23° 

96-496 

8° 

33-668 

24° 

100-671 

9° 

37-871 

25° 

104-844 

10° 

42-072 

26° 

109-017 

11° 

46-271 

27° 

113-188 

12° 

50-468 

28° 

117-359 

13° 

54-663 

29° 

121-530 

14° 

58-856 

30° 

125-700 

15° 

63-046 

31° 

129-871 

16° 

67-234 

32° 

134-042 

17° 

71-420 

33° 

138-214 

18° 

75-604 

34° 

142  386 

19° 

79-786 

35° 

146-558 

20° 

83-966 

36° 

150-731 

As  an  example,  I  have  computed  the  total  heat  of  water  at 
various  temperatures  as  determined  experimentally.  I  have  used 
Rowland's  numbers  for  lower  temperatures,  and  have  recomputed 
Regnault's  experiments,  accepting  Table  I.  (computed  from  Row- 
land) as  correct. 

I  think  it  might  be  possible  to  find  data  enough  to  recompute 
some  others,  e.g.,  the  latent  heat  of  steam  at  100°,  the  specific 
heat  of  air  at  constant  pressure,  which,  by  the  way,  is  almost 
exactly  a  Joule.  The  labour  is,  however,  very  considerable,  and 

*  The   total   heat   between   0°   and   4£°    is    obtained    by    extrapolation    from 
Rowland's  numbers. 
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it  might  be  abbreviated  (for  the  Committee)  if  those  who  are 
or  have  recently  been  engaged  in  thermal  measurements  would 
supply  the  Committee  with  the  results  of  their  own  observations 
reduced  to  Joules  and  thermometric  units. 

The  numbers  are  reduced  from  the  table  in  the  Mtmaires  de 
rinstitut,  tome  XXL  p.  743,  by  assuming  the  mean  specific  heat 
of  water  for  the  calorimetric  range  of  each  experiment  to  be  the 
specific  heat  of  water  as  given  in  Rowland's  table  for  the  mean 
calorimetric  temperature  of  the  experiment,  and  adding  to  the 
heat  thus  computed,  as  that  given  out  by  one  gramme  of  water 
in  cooling  from  T  to  the  final  calorimetric  temperature,  the 
further  amount  which,  upon  an  estimation  based  on  Rowland's 
data,  would  be  given  out  on  cooling  to  0°. 


4-  6 
+  4-0 
4-2-0 
0 
-2-0 

• 

L,    X 

9  " 

• 

0^ 

X^ 

* 

, 

l^> 

^ 

* 

"T^ 

0 

—  ^r 

« 

- 

* 

100 


110 


120 


130 


140 


150 


160 


170 


180 


190 


Abscissae. — Air  Temperatures  (T). 

Ordinates. — Differences  (in  Joules)  between  Total  heat  from  0°  to  T°  and  4-2  x  T. 

Some  doubt  has  been  thrown  on  the  accuracy  of  the  data 
quoted  by  Regnault  in  the  table  referred  to.  I  have  adopted 
Mr  Macfarlane  Gray's  conclusion  that  the  computations  of  the 
mean  specific  heat  are  correct,  though  the  data  are  erroneously 
printed  in  Regnault's  paper. 

The  results  of  the  individual  experiments  are  shown  in  the 
following  table.  In  order  to  obtain  a  mean  result  a  curve  of 
differences  (see  figure)  between  total  heat  at  temperature  T  and 
4'2  x  T  has  been  plotted,  and  the  means  of  observations,  collected 
into  seven  groups,  have  been  taken  and  also  plotted.  These  are 
indicated  in  the  diagram  by  circular  dots,  the  individual  results 
being  shown  by  crosses. 
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TABLE  II. — Regnault's  Observations  for  the  total  heat  of  water 
between  0°  C.  and  various  temperatures  (T)  of  the  "Air- 
thermometer  "  above  the  boiling-point  of  water. 

(Reduced  from  Regnault's  and  Rowland's  results.     Expressed  in  Joules.) 


T 

Total  Heat 
from 

4-2  xT 

Differ- 

T 

Total  Heat 
from 

4-2  x  T 

Differ- 

o°to r° 

ence 

0°  to  T° 

ence 

i. 

V. 

10770°       451-83        452-34      -   -51 

153-68°       646-44     j  645'46 

+   -98 

107-90°       453-60 

453-18      +   -42 

154-80° 

651-97 

650-16 

+  1-81 

107-79°       453-36 

452-72  i  +   -64* 

155-61° 

654-27 

653-56 

+   -71 

109-38°       460-69 

459-40      +1-29 

156-82° 

660-89 

658-64 

-2-25 

109-25°       461-44 

458-85 

+  2-59 

158-82° 

668-38 

667-04 

+  1-34 

109-25° 

460-94 

458-85 

+  2-09 

159-19° 

669-64 

668-60 

+  1-04* 

109-25°       460-84 

458-85 

-fl-99 

160-34° 

675-74 

673-43 

+  2-31 

110-80°  ;     465-76 

465-36 

+    -40 

160-61° 

677-61 

674-56     +3-05* 

111-51°       467-60 

468-34 

-   -74 

113-86°       478-56 

478-21      +   -35 

II. 

VI. 

116-60° 

491-35 

489-72 

+  1-63* 

172-66° 

728-47       725-17 

+  3-30 

116-91° 

492-46 

491-02 

+  1-44* 

172-75° 

730-82       725-55 

+  5-27 

118-54° 

498-76 

497-87 

+    -99* 

172-71° 

730-68 

725-38 

-1-5-30 

120-39° 

504-86 

505-64 

-   -78 

172-66° 

730-59 

725-17 

+  5-42 

120-84° 

507-36 

507-53 

-   -17 

121-86° 

512-72 

511-81 

+   -91 

III. 

VII. 

128-91° 

542-30 

541-42 

+   -88 

179-23°       759-70 

752-77 

+  6-93* 

130-40° 

548-07 

547-69 

+   -38 

183-56° 

776-57 

770-95 

+  5-62* 

186-00° 

787-34 

781-20 

+  6-14* 

IV. 

186-65° 

791-62 

783-93 

+  7-69* 

137-16° 

577-27 

576-07      +1-20 

186-89° 

790-86 

784-95 

-I-  5-91* 

137-27° 

577-96 

576-53 

+  1-43 

187-75° 

795-35 

788-55 

+  6-80* 

138-27° 

581-58 

580-73 

+   -85 

190-36° 

805-80 

799-51 

+  6-29 

1 

A  curve  based  upon  these  means  as  accurate  would  show  a 
minimum  ordinate  above  100°  C.  Without  any  definite  experi- 
mental reason  I  have  considered  this  as  outside  the  range  of 
probability,  and  have  drawn  a  curve  corresponding  to  a  gradual 
increase  of  specific  heat  between  the  limits  of  the  experiments, 


*  It  will  be  remembered  that  Regnault  gives  for  these  two  values  1-0050  and 
1-0133  respectively. 
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viz.,  107°  and  190°,  which  fairly  connects  the  means.  Continuing 
that  curve  beyond  107°  to  100°  and  reading  off  from  it  the  value 
of  the  total  heat  -  4'2  x  T  at  intervals  of  10°  we  get  the  following 
result : — 

TABLE  III. — Total  heat  of  water  between  0°  and  T°  (air- 
thermometer)  according  to  Regnault  and  Rowland. 


T 

Total  Heat  be- 
tween 0°  and  T° 
in  Joules 

Excess  over 
4-2  xT 

100° 

420-68 

•68 

110° 

46273 

•73 

120° 

504-80 

•80 

130° 

546-88 

•88 

140° 

589-04 

1-04 

150° 

631-40 

1-40 

160° 

674-02 

2-02 

170° 

717-52 

3-52 

180° 

761-60 

5-60 

Whence  we  obtain — 

Mean  specific  heat  of  water  between  0°  and  100°  is  4'2068 
Joules  =  1 '001 6*  thermometric  units. 

Mean  specific  heat  of  water  between  0°  and  180°  is  4'2312 
Joules  =  1*0075*  thermometric  units. 

*  It  will  be  remembered  that  Regnault  gives  for  these  two  values  1-0050  and 
1-0133  respectively. 
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I.       jVote  on  the  Constant-volume  Gas-thermometer.     By  G.  CAREY 

FOSTER,  F.R.S 564 

II.  On  a  Determination  of  the  Ohm  made  in  Testing  the  Lorenz 
Apparatus  of  the  McGill  University,  Montreal.  By 
Professor  W.  E.  AYRTON,  F.R.S.,  and  Professor  J. 
VIRIAMU  JONES,  F.R.S 567 

AT  the  Liverpool  Meeting  the  Committee  agreed  that  the 
"calorie,"  defined  as  the  heat  equivalent  of  4*2  x  107  ergs,  should  be 
adopted  as  the  unit  for  the  measurement  of  quantities  of  heat,  but 
the  question  as  to  the  exact  part  of  the  absolute  thermodynamic 
scale  of  temperature  at  which  this  quantity  of  heat  could  be  taken 
as  equal  to  one  water-gramme-degree  was  for  the  time  being  left 
open. 

This  resolution  has  made  it  incumbent  on  the  Committee  to 
consider  carefully — 

1.  The    relation    between   the   results   of  measurements   of 
intervals  of  temperature  by  accepted  methods  and  the  absolute 
scale ; 

2.  The  specific  heat  of  water  in  terms  of  the  erg  and  its 
variation  with  temperature. 

With  regard  to  the  first  point  there  appears  to  be  no  reason  to 
doubt  that  the  scale  of  a  constant-volume  hydrogen-thermometer 
is  very  nearly  identical  with  the  absolute  scale*.  The  Committee 
have  therefore  decided  to  recognise  the  standard  hydrogen-ther- 
mometer of  the  Bureau  International  des  Poids  et  Mesures  as 
representing,  nearly  enough  for  present  purposes,  the  absolute 
scale.  This  convention  has  at  least  the  advantage  of  giving  a 
definite  meaning  to  statements  of  the  numerical  value  of  intervals 
of  temperature  within  any  range  for  which  comparison  with  the 

*  See  Appendix  No.  I  to  this  Keport. 


PRACTICAL  STANDARDS  FOR  ELECTRICAL  MEASUREMENTS      561 

hydrogen-thermometer  is  practicable.  If  future  investigation 
should  show  that  it  is  inaccurate  to  any  appreciable  extent,  corre- 
sponding corrections  can  be  applied  when  necessary. 

Experience  of  the  use  of  the  platinum  resistance-thermometer 
in  various  hands  encourages  the  hope  that  it  will  afford  a  con- 
venient and  trustworthy  working  method  of  referring  the  indications 
of  mercury-  or  other  thermometers  to  those  of  the  standard  hydro- 
gen-thermometer. The  Committee  have  consequently  much 
satisfaction  in  learning  that  Dr  J.  A.  Harker,  formerly  of  Owens 
College,  is  at  this  moment  carrying  out  at  Sevres,  on  behalf  of  the 
Committee  of  the  Kew  Observatory,  and  with  the  concurrence  of 
the  Director  of  the  Laboratories  of  the  Bureau  International,  a  direct 
comparison  of  platinum  thermometers  belonging  to  the  Kew  Obser- 
vatory with  the  standard  hydrogen-thermometer  of  the  Bureau. 

As  to  the  dynamical  value  of  the  specific  heat  of  water — in 
other  words  the  mechanical  equivalent  of  heat — it  was  pointed  out 
by  Professor  Schuster  and  Mr  Gannon  in  1894*  that  the  results  of 
the  best  determinations  by  direct  mechanical  methods  agree 
among  themselves  much  more  closely  than  they  do  with  those 
that  are  founded  upon  electrical  measurements  of  the  energy 
expended,  although  these  in  turn  are  in  good  agreement  among 
themselves.  Additional  significance  is  given  to  this  remark  by 
the  comparison  of  those  determinations  which,  by  extending  over 
an  appreciable  range  of  temperature,  indicate  the  rate  of  variation 
of  the  specific  heat  of  water.  Of  such  determinations  there  is  one 
of  each  kind,  that  of  Professor  Rowland  by  the  mechanical  method, 
and  that  of  Mr  E.  H.  Griffiths  by  the  electrical  method.  The 
results  of  the  former  of  these  have  recently  undergone  an  elaborate 
revision  at  the  hands  of  one  of  Professor  Rowland's  pupils, 
Mr  W.  S.  Dayf,  who  has  compared  the  three  principal  ther- 
mometers employed  in  the  experiments  with  the  Sevres  hydrogen- 
standard  by  means  of  three  Tonnelot  thermometers  which  had 
been  compared  at  the  Bureau  with  the  hydrogen-standard. 
Messrs  C.  W.  Waidner  and  F.  MalloryJ  have  also  compared  two  of 
Rowland's  thermometers  with  a  platinum  thermometer  made  by 
Mr  Griffiths.  The  result  of  this  discussion  is  to  leave  Rowland's 

*  Phil.  Trans,  vol.  CLXXXVI.  p.  462 ;  Proc.  Roy.  Soc.  vol.  LVII.  p.  31. 
t  Johns  Hopkins  University  Circulars,  pp.  44,  45  (June  1897) ;  also  Phil.  Mag. 
XLIV.  169-172. 

J  Ibid.  pp.  42,  43  (June  1897) ;  Phil.  Mag.  XLIV.  165-169. 

B.  A.  36 
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original  value  unchanged  at  15°,  and  to  raise  it  by  four  parts  in 
4000  at  25°,  making  the  rate  of  variation  of  the  specific  heat  of 
water  almost  exactly  the  same  as  that  given  by  Griffiths's  experi- 
ments throughout  the  same  range. 

The  following  table  gives  the  numerical  values  : — 

Values  of  the  Specific  Heat  of  Water  at  15°  C. 
1.     By  mechanical  friction : — 


Author 

Date 

Result 

Joule  

1878 

4172  x 

104  ergs 

1892 

4181 

Rowland    

1879 

4189 

Reynolds  and  Moorby... 

1897 

4183  x 

irk4  (mean 
10    1  from  ( 

specific  heat 
)°  to  100°  C. 

2.     By  electrical  methods : — 


Author 

Date 

Result 

Griffiths    

1893 

4199-7  x  104  ergs 

Schuster  and  Gannon... 

1894 

4197 

Variation  of  the  Specific  Heat  of  Water. 


Temperature 

Specific  Heat 

Rowland 

Griffiths 

6 
10 
15 
20 
25 
30 
35 

4204  x  104 
4197      „ 
4189      „ 
4183      „ 
4177      „ 
4173      „ 
4174      „ 

4199-7  x  10 
4193-2      „ 
4187-4      „ 

Joule's  (1878)  result  is  given  by  Schuster  and  Gannon  (Proc.  Roy.  Soc. 
LVII.  p.  31)  as  775  foot-pounds  at  Greenwich  per  degree  Fahr.  As  Professor 
Schuster  has  examined  the  thermometers  employed  by  Joule,  this  value  is 
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adopted  as  the  most  trustworthy  statement  of  the  result  of  Joule's  exj>eri- 
ments:  it  is  reduced  to  ergs  and  the  Centigrade  scale. 

Miculescu  (Ann.  Chim.  Phys.  [6],  xxvu.  237)  states  his  result  as 
426-84  kilogramme-metres  per  kilogramme-degree  of  the  normal  hydrogen- 
thermometer  between  10°  and  13°.  Taking  #  =  98096,  this  is  equivalent  to 
4187x10  ergs  per  gramme-degree.  The  mean  temperature  11°  -5  has  been 
adopted  and  reduction  to  15°  has  been  made  by  means  of  the  rate  of 
variation  given  by  Rowland's  experiments. 

Reynolds's  and  Moorby's  experiments  (Proc.  Roy.  Soc.  LXI.)  refer  to  the 
whole  range  from  0°  to  100°.  Their  result  is  stated,  in  foot-pounds  at 
Manchester  and  degrees  Fahr.,  as  776-94.  To  reduce  to  ergs  and  the 
Centigrade  scale  this  number  has  been  multiplied  by  1  -8  x  30*48  x  981-34. 

Schuster  and  Gannon  (Proc.  Roy.  Soc.  LVII.  25-31). 

Rowland's  and  Griffiths's  results  are  quoted  from  Day  (Phil.  Mag., 
August  1897,  p.  171),  whose  statement  is  adopted  by  Griffiths  in  Nature 
for  July  15,  1897. 

The  agreement  between  the  separate  determinations  by  the 
mechanical  and  by  the  electrical  methods  respectively,  and  the 
regularity  of  the  differences  between  Rowland's  values  and  those 
of  Griffiths,  is  such  as  to  raise  a  strong  presumption  that,  in  the 
experiments  by  both  methods,  errors  of  observation  have  been 
reduced  to  a  very  small  amount.  At  the  same  time  the  difference 
between  the  two  sets  of  results  points  to  some  constant  source  of 
energy  affecting  one  or  both.  The  mechanical  method  is,  in  principle, 
so  direct  and  simple  that  it  is  difficult  to  suppose  its  results  affected 
by  a  constant  error.  On  the  other  hand,  the  electrical  method 
being  less  direct  and  more  complicated,  there  is  here  more  room 
for  uncertainty  in  the  data. 

The  electrical  determinations  depend  upon  the  well-known 
relation  between  thermal  and  electrical  energy,  which  is  expressible 
in  the  three  forms  — 


Schuster  and  Gannon's  experiments  are  based  upon  the  second 
form  of  the  equation,  those  of  Griffiths  on  the  third.  In  both  of 
them  electromotive  force  was  measured  by  comparison  with  a 
Latimer  Clark's  cell.  Schuster  and  Gannon  measured,  in  addition, 
the  strength  of  their  current  by  means  of  a  silver-  voltameter,  and 
Griffiths  measured  a  resistance  in  terms  of  the  ohm. 

The  accepted  value  of  the  electromotive  force  of  the  Clark's 
cell  depends  in  its  turn  on  the  electrochemical  equivalent  of  silver 
as  determined  by  Lord  Rayleigh  and  Professor  F.  Kohlrausch,  and 

36—2 
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consequently  it  appears  that  the  electrical  determinations  of  the 
mechanical  equivalent  involve  a  double  reference  to  the  electro- 
chemical equivalent  of  silver,  so  that  any  inaccuracy  in  the  adopted 
value  of  this  quantity  would  involve  a  duplicate  error  in  the  value 
of  the  mechanical  equivalent  deduced  therefrom. 

In  this  connexion  it  may  be  mentioned  that,  in  a  recent  letter 
to  Nature,  vol.  LVI.  p.  292,  Lord  Rayleigh  has  stated  that  he  does 
not  consider  that  a  possible  error  of  one  part  in  1000  is  excluded 
from  his  determination  of  the  electrochemical  equivalent  of  silver. 
If  it  be  assumed  that  his  value  is  one  part  in  1000  too  small,  this 
would  almost  exactly  account  for  the  difference  between  the 
electrical  determinations  into  which  this  quantity  enters  as  a 
factor  and  the  direct  mechanical  determinations. 

It  thus  appears  to  be  a  matter  of  urgent  importance  that  a 
redetermination  of  the  electrochemical  equivalent  of  silver  should 
be  made,  and  that  the  general  question  of  the  absolute  measure- 
ment of  electric  currents  should  be  investigated.  In  order  to 
enable  them  to  carry  out  this  investigation,  the  Committee  have 
decided  to  ask  for  reappointment  and  to  apply  for  a  grant  of 
£100  towards  the  expense  of  the  necessary  apparatus  and  experi- 
ments. 


APPENDIX  I. 

Note  on  the  Constant-volume  Gas-thermometer. 
By  G.  CAREY  FOSTER,  F.R.S. 

The  absolute  thermodynamic  scale  of  temperature  introduced 
by  Lord  Kelvin  is  connected  with  the  properties  of  real  fluids  by 
the  equation* 

dT         dv 

~T~      ~~^' ( 

v  +  -x- 
fy 

where  dv  is  the  infinitesimal  increment  which  unit  mass  of  a  fluid 
occupying  the  volume  v  undergoes  when  it  is  heated,  under 
constant  pressure,  from  the  absolute  temperature  T  to  the 
infinitesimally  higher  absolute  temperature  T+dT,  and  Sw  is  the 

*  Compare  equation  (16)  of  Lord  Kelvin's  article  "  Heat "  in  the  Encyclopedia 
Britannica,  vol.  xi.  p.  571  ;  Mathematical  and  Physical  Papers,  vol.  in. 
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amount  of  work  required  to  restore  the  original  temperature  of 
unit  mass  of  the  fluid  when  it  has  undergone  a  fall  of  pressure,  Bp, 
by  passing  through  a  porous  plug,  as  in  Joule  and  Thomson's 
experiments,  without  loss  or  gain  of  heat. 

It  follows  that,  if  there  is  any  fluid  which  does  not  undergo  a 
change  of  temperature  when  forced  through  a  porous  plug,  an 
infinitesimal  change  of  temperature  is  to  the  total  temperature  on 
the  absolute  scale  as  the  resulting  change  of  volume  of  this  fluid 
is  to  the  total  volume.  Such  a  fluid  would  be  called  a  perfect  gas. 

The  following  discussion  of  the  bearing  of  the  results  of  the 
porous-plug  experiments  on  the  indications  of  a  constant-volume 
gas-thermometer  is  taken  from  a  copy  which  the  writer  made 
in  January  1894  of  a  fuller  discussion  of  these  experiments 
communicated  to  him  by  his  friend  and  former  pupil,  Mr  John 
Rose-Innes.  Mr  Rose-Innes  will  shortly  read  a  paper  on  this 
question  before  the  Physical  Society  of  London.  In  the  meantime 
the  writer  has  his  permission  to  make  the  present  use  of  his 
hitherto  unpublished  results. 

It  will  be  remembered  that  Joule  and  Lord  Kelvin  found  that 
all  the  gases  they  experimented  on  were,  with  the  exception  of 
hydrogen,  slightly  cooled  by  being  forced  through  the  plug.  With 
hydrogen  the  effect  was  smaller  than  with  other  gases  and  was  a 
rise  of  temperature.  At  a  given  temperature  the  cooling  effect 
was,  up  to  five  or  six  atmospheres,  proportional  to  the  difference  of 
pressure  on  opposite  sides  of  the  plug.  For  a  given  change  of 
pressure  the  effect  decreased  with  rise  of  temperature,  and  Joule 
and  Lord  Kelvin  concluded  that  it  was  approximately  proportional 
to  the  inverse  square  of  temperature  reckoned  from  —  273°  C. 
With  hydrogen  the  variation  with  temperature  was  too  small  for 
them  to  consider  it  as  clearly  established  ;  if  anything  the  effect 
became  greater  as  the  temperature  rose. 

Mr  Rose-Innes's  discussion  of  these  results  is  founded  upon 
his  remark  that  an  empirical  formula  with  two  constants,  a  and  j3, 
namely 


where  0  is  the  cooling  effect  and  t  temperature  on  the  ordinary 
centigrade  scale,  represents  the  experimental  values  rather  more 
accurately  than  the  inverse-square  formula.  The  values  of  a  and 
ft  calculated  by  him  for  air,  carbonic  acid  gas,  and  hydrogen,  the 
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change  of  pressure  being  represented  by  100  inches  of  mercury, 
are  as  follows : — 

/3 

Air      441-5         -0-697 

Carbonic  Acid         261*5         -4'98 

Hydrogen      64-1         -   -331 

To  apply  equation  (1)  to  the  discussion  of  the  gas- thermometer, 
we  may  begin  (like  Joule  and  Kelvin)  by  expressing  the  work  &w, 
required  to  restore  the  gas  to  its  initial  condition,  in  terms  of  the 
observed  cooling  effect,  and  may  write 


where  J  is  the  mechanical  equivalent  of  heat  and  C  the  specific 
heat  of  the  gas  under  constant  pressure.  If  we  remember  that  J 
may  be  written  J=  W/mO',  where  W  is  the  work  that  must  be 
spent  to  raise  the  temperature  of  a  mass  m  of  water  by  the  amount 
6',  we  see  that  the  thermometric  scale  on  which  6  and  0'  are 
expressed  is  of  no  consequence,  provided  it  is  the  same  for  both. 

Putting  IT  for  the  change  of  pressure  producing  a  cooling  effect 
6,  we  may  write  equation  (1)  thus,  taking  reciprocals  of  both  sides  : 


or,  dividing  throughout  by  T'2  and  integrating  between  limits  T 
and  infinity  — 

v_\       v__JV/_a_      8\ 

T/OO   T"  n  \?T*    T)' 


With  regard  to  the  first  term  on  the  right,  it  may  be  remarked 
that  all  gases  appear  to  approximate  more  and  more  nearly  as 

t)V 

temperature  rises  to  agreement  with  the  equation  ^  =  R  (a  con- 
stant).    Applying  this  to  (3),  we  get 


p      rV2^2 
RT     JC    p  (  a 


Neglecting,  provisionally,  the  Joule-Kelvin  effect,  we  have,  as 
a  first  approximation, 

RT 
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and  we  may  take  this  value  as  accurate  enough  for  use  in  the 
small  term  containing  p  on  the  right-hand  side  of  (4). 

We  thus  get,  as  a  second  approximation  to  the  value  of  p 


(5) 


Now  let  v  remain  constant,  and  let  p0)  T0  and  plt  T^  represent 
pressure  and  temperature  at  the  melting-point  of  ice  and  at  the 
boiling-point  of  water  respectively  ;  we  then  get 


By  subtraction 


and 


Hence 
or,  finally,  if  we  assume  100  as  the  numerical  value  of  the  interval 


Pl-p* 

whence  we  may  conclude  that,  to  the  degree  of  approximation 
attained  in  this  calculation,  the  scale  of  the  constant  volume  gas- 
thermometer  is  identical  with  the  absolute  thermodynamic  scale. 


APPENDIX  II. 

On  a  Determination  of  the  Ohm  made  in  Testing  the  Lorenz 
Apparatus  of  the  McGill  University,  Montreal,  by  Professor 
W.  E.  AYRTON,  F.R.S.,  and  Professor  J.  VIRIAMU  JONES,  F.R.S. 

This  apparatus,  made  by  Messrs  Nalder  Brothers,  is  in  general 
arrangement  and  dimensions  similar  to  the  Cardiff  apparatus 
described  in  the  Philosophical  Transactions  of  the  Royal  Society, 
1891,  A,  pp.  1-42,  and  in  the  Electrician,  June  1895,  vol.  xxxv. 
pp.  231  and  253. 
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The  field  coil,  in  pursuance  of  a  suggestion  contained  in  the 
Royal  Society  paper,  consists  of  a  single  layer  of  wire  wound  in  a 
helical  groove  of  semicircular  section,  cut  in  the  cylindrical  surface 
of  a  massive  marble  ring  of  about  21  inches  outside  diameter, 
15  inches  inside  diameter,  and  6  inches  thick.  This  helical  groove 
ha,s  201  complete  turns  with  a  pitch  of  0  025  inch.  Bare  wire,  of 
mean  thickness  0'02136  inch,  was  first  used,  and  the  outside 
diameter  of  the  coil  so  wound  was  measured  in  the  Whitworth 
machine  with  the  following  results : — 


Diameter 

Near  front  face 

Near  middle           Near  back  face 

0°-180° 

21-04772 

21-04765                  21-04765 

10°  -  190° 

21-04795 

21-04765                  21-04952 

20°  -200° 

21-04768 

21-04755                  21-04905 

30°  -210°                 21-04805 

21-04745                  21-04818 

40°  -220°                  21-04785 

21-04755                  21-04825 

50°  -230° 

21-04808 

21-04730                  21-04812 

60°  -240° 

21-04752 

21-04755 

21-04805 

70°  -250° 

21-04755 

21-04755 

21-04822 

80°  -260° 

21-04785 

21-04795 

21-04895 

90°  -270° 

21-04812 

21-04780 

21-04942 

100°  -280° 

21-04805 

21-04815 

21-04925 

110°  -290° 

21-04808 

21-04825 

21-04898 

120°  -300° 

21-04785 

21-04840 

21-04905 

130°  -310° 

21-04828 

21-04835 

21-04915 

140°  -  320° 

21-04828 

21-04815 

21-04908 

150°  -330° 

21-04805 

21-04805 

21-04932 

160°  -340° 

21-04872 

21-04795 

21-04858 

170°  -350° 

21-04778 

21-04785 

21-04812 

Mean  21-04797 

21-04784 

21-04872 

General  mean  =  21 '0481 8  inches. 

The  temperature,  which  was  taken  at  each  observation,  varied 
between  19°*9  C.  and  21°  C.,  and  had  a  mean  value  of  20°'4  C. 
Correcting  for  the  difference  between  the  temperature  at  which 
the  bars  of  the  Whitworth  machine  have  their  specified  value  and 
this  mean  temperature,  we  have  for  the  mean  outside  diameter  of 
the  coil,  when  wound  with  bare  wire  0*02136  inch  thick, 

21-04932  inch  at  20°'4  C. 

From  the  above  measurements  it  is  clear  that  the  wire  lay  on 
a  very  true  circular  cylinder.  With  bare  wire,  however,  of  the 
thickness  used  it  was  found  impossible  to  obtain  sufficient  insulation 
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between  pairs  of  convolutions.  Hence,  after  much  time  had  been 
spent  in  endeavouring  to  insulate  the  successive  turns  by  forcing 
paraffin  wax  in  between  them,  etc.,  the  coil  was  unwound  and  re- 
wound with  double  silk  covered  wire  which  had  been  first  dried, 
then  drawn  through  paraffin  wax,  and  lastly  baked  before  the 
winding  was  commenced.  To  wind  so  large  and  heavy  a  ring  was 
not  an  easy  matter,  and  it  was  not  until  the  winding  had  been 
performed  three  times  that  the  layer  looked  sufficiently  uniform 
and  quite  free  from  abrasion  of  the  silk. 

The  mean  thickness  of  the  double  silk  covered  wire  used  in  the 
last  winding  was  0*01914  inch,  so  that  the  outside  diameter  of  the 
wound  coil,  calculated  from  the  value  given  above  for  the  coil 
wound  with  bare  wire,  was 

21-04488  inches  at  20°'4  C. 

The  coil  was  then  brushed  over  with  melted  paraffin  wax, 
bound  round  with  silk  ribbon  that  had  been  soaked  in  a  solution 
of  shellac,  and  finally  loosely  covered  up  with  a  wide  silk  ribbon 
that  had  been  passed  through  paraffin  wax. 

During  the  time  that  the  ring  was  unwound  the  linear 
coefficient  of  expansion  of  the  marble  was  measured  by  Messrs 
Spiers,  Twyman,  and  Waters,  three  of  the  students  of  the  City 
and  Guilds  Central  Technical  College.  The  experiment  was 
attended  with  difficulty,  for  it  was  far  from  easy  to  bring  so  large 
a  mass  of  a  badly  conducting  substance  to  the  same  temperature, 
but  ultimately  the  result  0'000004  per  1°  C.  was  obtained. 

At  the  conclusion  of  the  resistance  observations  recorded 
further  on,  the  silk  ribbons  and  the  protecting  layer  of  paraffin 
wax  were  carefully  removed  until  the  silk  covering  of  the  wire 
appeared,  and  the  diameter  of  the  coil  was  measured  along  two 
directions  at  right  angles  to  one  another.  The  maximum  difference 
between  four  measurements  was  only  five  hundred-thousandths  of 
an  inch,  and  after  the  introduction  of  the  proper  temperature 
corrections,  the  mean  value  of  the  outside  diameter  of  the  coil  was 
found  to  be 

21-04687  inches  at  20°'4  C. 

This  result  is  about  one  part  in  ten  thousand  larger  than  the 
calculated  value  given  above,  and  the  difference  is  probably  due  to 
the  silk  covering  of  the  wire  having  swollen  slightly  when  the 
wound  coil  was  brushed  over  with  melted  paraffin  wax.  In  the 
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calculation,  therefore,  of  the  coefficient  of  mutual  induction  we 
have  considered  it  more  accurate  to  use  the  value  obtained  by 
direct  experiment.  Subtracting  from  that  value — 21*04687 — the 
thickness  of  the  double  silk-covered  wire — 0*01914 — we  have  for 
the  mean  diameter  of  the  coil  from  axis  to  axis  of  the  wire 

21*02773  inches  at  20°*4  C. 

Shortly  before  the  last  set  of  resistance  measurements  was 
carried  out,  the  edge  of  the  phosphor  bronze  disc  was  ground  in 
position  so  as  to  be  made  quite  true  with  the  axis  of  rotation,  and 
immediately  after  the  completion  of  the  investigation  the  diameter 
of  the  disc  was  measured  and  found  to  be  13*01435  inches  at 
19°*5  C.  Messrs  Spiers,  Twyman,  and  Waters  had  previously 
determined  its  linear  coefficient  of  expansion  to  be  0*0000125  per 
1°  C.,  so  that  its  diameter  was 

13*01451  inches  at  20°*4  C. 

During  1896  Mr  W.  G.  Rhodes,  when  he  was  an  Assistant  at 
the  Central  Technical  College,  carried  out  the  long  calculation  of 
the  coefficient  of  mutual  induction  between  the  coil,  as  wound  with 
bare  wire,  and  the  disc  by  using  the  method  given  in  the  paper  in 
the  Philosophical  Transactions  above  referred  to,  and  with  the 
following  values : — 

Diameter  of  coil  or  2A  =  21*02673  inches. 

Diameter  of  disc  or  2a  =  13*01997  inches. 

Axial  length  of  helix  or  2#     =  5*025  inches. 

Number  of  convolutions  or  n  =  201. 

He  found  M  =  18056*36  inches 

=  45862*33  centimetres. 

The  calculation  was  checked  by  Mr  Mather  and  independently 
by  one  of  the  authors. 

Now  it  can  be  shown  that  for  the  above  values  of  A,  a,  x, 
and  n 

^=1-246  ^-+2-346** +  0-0997^, 
M  A  a  x 

and  so  the  value  of  M  for  the  particular  values  of  2 A  and  2a  given 
above,  viz.  21*02772  and  13'01451  can  be  calculated.  When  this  is 
done  we  find 

M=  18037*51  inches 
=  45814*45  centimetres, 


FOR   ELECTRICAL  MEASUREMENTS  571 

and  this  was  the  value  of  M  which  we  employed  in  our  final 
determination,  after  allowance  had  been  made  for  the  effect  of  the 
central  brush,  as  will  be  described  further  on. 

The  accuracy  of  the  preceding  calculations  was  tested  in  the 
following  way.  Values  of  2 A  and  2a,  differing  slightly  from  those 
employed  by  Mr  Rhodes,  were  selected,  and  by  means  of  the 

formula  for  -^7  the  proportional  change  in  M  was  determined  by 

Mr  Twyman.  Then  the  value  of  M  for  these  changed  values  of 
2A  and  2a  was  calculated  by  the  authors  from  a  new  formula 
involving  an  elliptic  integral  of  the  third  kind*. 

The  centre  brush  consists  of  a  tube,  0*135  inch  outside  diameter, 
which  projects  into  an  axial  hole  in  the  disc  of  0*144  inch  diameter. 
Contact  with  the  edge  of  the  disc  is  made  by  three  small  tan- 
gential phosphor  bronze  tubes  lightly  pressed  on  it,  at  points 
separated  by  angular  distances  of  120°.  Through  all  four  tubes  a 
small  stream  of  mercury  is  kept  flowing,  as  this  is  found  to  greatly 
diminish  the  disturbances  caused  by  variations  in  the  thermo- 
electric effects;  and  the  employment  of  three  brushes  at  the 
circumference,  as  suggested  by  Rowland,  eliminates  small  errors 
due  to  imperfect  centering  of  the  coil  and  disc. 

To  prevent  the  mercury  which  drops  out  of  the  central  tube- 
brush  touching  the  disc  at  a  larger  radius  than  that  of  the  hole  in 
its  centre  an  ebonite  boss  is  cemented  to  the  disc,  and  this  causes 
the  mercury  to  drop  away  quite  clear  of  the  metal  of  the  disc. 

If  we  take  as  the  effective  outside  diameter  of  the  central  tube 
0139  inch,  that  is  the  mean  of  0135  and  0144  inch,  calculation 
shows  that  the  coefficient  of  mutual  induction  is  reduced  by 
4*50  centimetres,  so  that  finally  we  have 

M  =  45809-95  centimetres. 

As  the  allowance  for  the  central  brush  only  diminishes  M  by 
one  part  in  ten  thousand  it  is  clear  that,  for  that  degree  of  accuracy, 
an  error  of  a  few  per  cent,  in  estimating  the  diameter  of  the  central 
brush  is  of  no  consequence. 

The  method  of  making  the  observations  was  the  same  as  that 
described  in  the  papers  on  the  Cardiff  apparatus  read  before 
Section  A  of  the  British  Association  at  Nottingham  and  Oxford 

*  An  account  of  this  new  formula  as  well  as  of  that  for  ~  will  shortly  be 
published  by  Professor  Viriamu  Jones. 
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(vide  Report  of  the  Committee  on  Electrical  Standards,  Appendices 
1893  and  1894).  The  use  of  an  extremely  sensitive  Ayrton- 
Mather  galvanometer  of  the  d'Arsonval  type  materially  facilitated 
the  readings  being  taken.  Two  such  narrow  coil  galvanometers 
were  specially  constructed  by  Mr  Mather  himself  for  use  with  the 
Lorenz  apparatus,  and  the  data  of  the  second  instrument  are  con- 
tained in  the  following  table  : — 


Resistance  of  suspended  coil    . . . 
„  „  coil  and  suspension 

Periodic  time  of  complete  swing 

Scale  distance  actually  used     . . . 


1*9  ohms. 
5-75    „ 
7 '6  seconds. 
(1412  millimetres. 
J1340  scale  divisions. 
Deflection  in  divisions  at  actual  scale  distance  J137  per  micro-ampere. 

used  (23-8  „   micro-volt. 

Deflection  in  divisions  at  scale  distance  equal    (204   „    micro-ampere. 


to  2000  scale  divisions 


|35'8  „    micro- volt. 


The  resistance  coils  used  were  those  previously  employed  in  the 
Cardiff  determination  of  the  ohm  (vide  Report  of  the  Committee 
on  Electrical  Standards,  Appendices  II.  and  III.,  1894).  They 
have  been  tested  once  by  Mr  Glazebrook,  and  twice  by  the  kindness 
of  Major  Cardew  in  the  Board  of  Trade  Electric  Standardising 
Laboratory,  with  the  following  results  : — 


Coil 

A 
Mr  Glazebrook, 
Jan.—  March  1894 

B 
Board  of  Trade, 
November  1896 

C 
Board  of  Trade, 
August  1897 

No.  3873 

„    3874 
„    4274 
•  „    4275 

9-9919      at  14-8°  C. 
9-9926     at  14'9°  C. 
•100050  at  15-2°  C. 
•100053  at  15-2°  C. 

9-992994    atl4'86°C. 
9-993213    at  14-91°  C. 
•1000595  at  14-77°  C. 
•1000722  at  15'14°  C. 

10-00712   atl9'3°C. 
10-00775   at  19-3°  C. 
•100078  at  19-4°  C. 
•100081  at  19-4°  C. 

The  coils  Nos.  3873  and  3874  were  stated  by  the  makers, 
Messrs  Nalder,  to  be  wound  with  platinum  silver  wire,  and  the 
two  others,  Nos.  4274  and  4275,  with  manganin. 

In  the  following  table  are  given  the  temperature  coefficients  as 
supplied  originally  by  the  makers,  and  as  calculated  from  the  tests 
A  and  0,  and  B  and  C. 

These  figures  show  that  a  redetermination  of  the  temperature 
coefficients,  which  we  are  now  carrying  out,  is  necessary. 

Fortunately  the  last  set  of  determinations  of  the  resistance  of 
these  four  coils  was  carried  out  at  Westminster,  within  a  fortnight 
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of  the  completion  of  our  absolute  measurements,  and  we  are  much 
indebted  to  Major  Cardew  for  his  kind  promptness  in  the  matter. 
The  temperatures  of  these  1897  Board  of  Trade  measurements 

Temperature  Coefficients  of  Resistance  per  1°C. 


Coil 

As  supplied  by 
Messrs  Nalder 

From  tests 
A  and  C 

From  tests 
BandC 

No.  3873 
.,     3874 
„     4274 
„     4275 

0-000276 
0-000300 
0-00001  27 
0-0000127 

0-000360 
0-000344 
0-0000667 
0-0000667 

0-000318 
0-000331 
0-0000399 
0-0000207 

were  so  nearly  those  of  the  coils  during  our  final  absolute  deter- 
minations, which  were  from  18°"8  to  19°'4  C.,  as  to  render  the  effect 
of  possible  errors  in  the  temperature  coefficients  negligible  to  the 
degree  of  accuracy  aimed  at  by  us.  We  have,  therefore,  used  the 
August  1897  Board  of  Trade  values  for  these  coils  as  transmitting 
the  Board  of  Trade  ohm  to  the  laboratory  in  Exhibition  Road. 

The  standard  thermometers  used  in  the  investigation  were  sent 
to  Kew  and  their  errors  were  determined  at  the  time  by  the 
kindness  of  Dr  Chree ;  also,  thanks  to  Sir  J.  Norman  Lockyer,  the 
clock  in  the  Mechanical  Department  of  the  Central  Technical 
College,  which  transmitted  seconds  to  the  fast  running  Bain 
Chronograph,  was  frequently  timed  by  reference  to  the  current  sent 
hourly  to  his  room  from  the  General  Post  Office,  and  at  10  a.m. 
from  Greenwich. 

The  results  of  successive  measurements  of  the  absolute  re- 
sistances became  very  concordant  after,  little  by  little,  various 
possible  causes  of  small  errors  had  been  eliminated.  Nine  sets 
taken  on  July  30,  1897,  gave  the  following  results  for  the  value  of 
the  Board  of  Trade  ohm  in  true  ohms,  without  allowance  for  the 
eiTor  in  the  clock  rate  : — 


1-000286 

1-000277 

1-000256 

1-000306 

1-000285 

1-000284 

1-000351 

1-000307 

1-000295 

Mean  1-000294 
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or,  since  the  clock  was  found  to  lose,  during  the  daytime,  at  the  rate 
of  three  seconds  per  twenty-four  hours,  it  follows  that  according  to 
this  investigation 

1  Board  of  Trade  ohm  =  T00026  true  ohms. 
It  is  important  to  consider  in  which  direction  this  result  will 
be  affected  by  sources  of  error  that  cannot  be  removed  by  careful 
adjustment,  centering,  etc.     They  may  be  classified  as  follows : — 


Source  of  Error 

1.  Over-estimation  of  the  diameter  of  the  coil 

arising,  for  example,  from  the  stress  on 
the  copper  wire  having  caused  it  to  com- 
press the  under  side  of  its  silk  covering. 

2.  Under-estimation    of   the    diameter   of   the 

phosphor  bronze  disc  from  a  neglect  of 
the  tips  of  the  circumferential  brush  tubes 
being  possibly  pushed  away  from  the  disc 
by  the  stream  of  mercury  issuing,  etc. 

3.  Presence  of  iron  pipes,  girders,  etc.  in  the 

neighbourhood  of  the  apparatus. 

4.  Traces  of  iron  in  the  phosphor  bronze  disc. 


Effect  Produced 
Result  would  be  too 
small. 


Result  would  be  too 
small. 


Defective  insulation  between  the  support  of 
the  central  brush  and  the  supports  of  the 
circumferential  brushes. 

Defective  insulation  between  the  convolutions 
on  the  coil. 

Traces  of  iron  in  the  marble  ring. 

Defective  insulation  of  parts  of  the  circuit 
from  one  another. 


9.     Permanent  magnetic  field  at  the  apparatus. 


6. 


(3. 


7. 


Result  would  be  too 
small. 

Result  would  be  very 
slightly  too  small. 

Result  would  be  too 
large. 

Result  would  be  too 
large. 

Result  would  be  too 
large. 

Effect  would  depend 
upon  the  position 
of  the  leaks. 

No  effect,  for  the 
current  through 
the  field  coil  was 
periodically  re- 
versed. 

As  regards  4  and  7,  special  induction  balances  were  constructed 
and  used  by  Mr  Mather  to  test  the  permeability  of  both  the  marble 
ring  and  the  phosphor  bronze  disc ;  but,  although  a  deviation  from 
unity  of  one  part  in  fifteen  thousand  could  have  been  detected  in 
the  permeability  of  either,  no  such  deviation  was  observed. 

As  regards  5  and  8,  careful  tests  were  made  every  day  of  the 
insulation  resistance  of  the  apparatus,  and  it  was  always  found  to 
be  greater  than  one  thousand  megohms. 

6.  The  insulation  between  the  adjacent  convolutions  of  wire 
could  not  be  measured  when  they  were  silk  covered  and  buried  in 
paraffin  wax,  since  a  small  leak  between  a  pair  of  turns  would  not 
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change  the  apparent  resistance  of  the  copper  coil  by  as  much  as 
the  variation  in  temperature  of  a  fraction  of  one  degree.  We  had, 
therefore,  to  content  ourselves  with  the  precautions,  previously 
described,  which  were  taken  to  secure  high  insulation  in  the 
winding  of  the  coil. 

When  the  ring  was  wound  with  bare  wire  it  was  possible  to 
roughly  compare  the  insulation  resistance  between  pairs  of  convo- 
lutions by  sending  a  constant  current  through  the  coil  and 
measuring,  very  accurately,  the  P.D.  between  every  adjacent  pair 
of  the  201  turns.  This  we  did  several  times,  but  it  was  a  long 
and  laborious  task. 

When  constructing  a  new  Lorenz  apparatus  it  will  be  well  to 
consider  whether  two  separate  helices  should  not  be  cut  in  the 
cylindrical  surface  of  the  marble  ring  in  which  two  independent 
bare  wires  would  be  wound,  a  turn  of  the  one  being  everywhere 
(except  at  the  extreme  ends)  between  two  turns  of  the  other. 
The  insulation  resistance,  therefore,  between  the  two  windings 
would  measure  the  insulation  between  the  adjacent  turns,  while  in 
the  ordinary  use  of  the  apparatus  the  two  windings  would  be  joined 
in  series  so  as  to  constitute  a  single  coil.  In  this  way  it  may  be 
possible  to  be  more  sure  of  the  absence  of  6  than  by  using 
paraffined  double  silk  covered  wire,  and  at  the  same  time,  to 
entirely  remove  1. 

The  direction  of  our  experimental  result,  which  shows  that  the 
Board  of  Trade  ohm  is  between  two  and  three  parts  in  ten  thousand 
larger  than  the  true  ohm  could  not,  however,  arise  from  1.  Nor 
could  it  arise  from  either  2  or  3,  still  many  experiments  were  made 
to  detect  any  evidence  of  the  effective  diameter  of  the  disc  being 
larger  than  its  true  diameter,  as  measured  in  the  Whitworth 
machine.  But  no  change  in  the  pressure  of  the  circumferential 
brush-tubes,  nor  alteration  in  the  shape  of  their  ends,  etc.,  indicated 
that,  with  the  brushes  as  we  employed  them,  the  effective  diameter 
of  the  disc  differed  from  its  true  diameter. 

Our  thanks  are  due  to  the  three  students  whose  names  are 
given  above  for  much  assistance  in  carrying  out  the  long  series 
of  observations;  to  Mr  Harrison  for  bringing  to  bear,  from  time  to 
time,  the  experience  that  he  had  previously  gained  in  the  use  of 
the  Lorenz  apparatus ;  and  we  are  especially  indebted  to  Mr  Mather 
for  the  suggestive  aid  which  he  rendered  us  throughout  the  whole 
of  the  present  investigation. 
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III.     An    Ampere   Balance.      By    Professor   W.    E.    AYRTON    and 

Professor  J.  V.  JONES 589 

IN  consequence  of  his  appointment  as  Treasurer  of  the  Associa- 
tion, Professor  Carey  Foster  has  resigned  the  position  of  Chairman 
of  the  Committee,  which  he  has  held  for  many  years.  The 
Committee  in  asking  for  reappointment  recommend  that  Lord 
Rayleigh  be  the  Chairman. 

The  standards  of  the  Association  have,  since  the  opening  of  the 
Cavendish  Laboratory,  been  kept  at  Cambridge  in  the  custody  of 
the  Secretary.  Mr  Glazebrook  has  now  left  Cambridge  for  Liver- 
pool, and  the  Committee  at  a  meeting  in  London  agreed  that 
Mr  Glazebrook  be  authorised  and  requested  to  retain  the  custody 
of  the  standards.  In  consequence,  the  various  standards  will  in 
the  course  of  the  autumn  be  installed  in  the  Laboratory  of 
University  College,  Liverpool. 

At  the  Toronto  Meeting  the  Committee  agreed  that  it  was 
a  matter  of  urgent  importance  that  the  general  question  of  the 
absolute  measurement  of  electric  currents  should  be  investigated, 
and  a  grant  of  £75  was  made  for  the  purpose. 

During  the  year  Professors  Ayrton  and  J.  V.  Jones  have 
concluded  some  preliminary  experiments  with  this  object,  and 
have  designed  a  form  of  current  weighing  apparatus  calculated  to 
give  results  of  great  accuracy.  Drawings  of  the  apparatus  have 
been  laid  before  the  Committee  and  the  details  of  its  working 
explained  to  them.  The  estimated  cost  of  the  apparatus  is  £280 ; 
to  meet  this  the  grant  of  £75  made  last  year  remains  in  hand. 
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After  careful  consideration  and  discussion  the  Committee,  at 
their  meeting  at  Bristol,  agreed  unanimously  to  the  following 
resolution: — 

The  Committee,  having  heard  from  Professors  Ayrton  and 
J.  V.  Jones  an  account  of  their  preliminary  experiments  on  the 
absolute  determination  of  the  ampere  and  their  plans  for  the 
construction  of  an  absolute  ampere  balance,  are  of  opinion  that,  in 
view  of  the  importance  of  the  proposed  experiments,  application 
should  be  made  for  leave  to  retain  the  unexpended  balance,  £75, 
of  the  grant  made  last  year,  together  with  a  further  grant  of  £225. 

Accordingly  the  Committee  ask  for  reappointment  and  apply 
for  the  above  grant.  They  recommend  that  Lord  Rayleigh  be 
Chairman,  and  Mr  R.  T.  Glazebrook  Secretary. 

APPENDIX  I. 

Comparison  of  the  Standard  Coils  used  by  Professors  J.  Viriamu 
Jones  and  W.  E.  Ayrton  in  their  determination  of  the  absolute 
resistance  of  Mercury  'with  the  standards  of  the  Association. 
By  R.  T.  GLAZEBROOK,  F.R.S. 

These  coils  consist  of  two  tenth-ohm  standards  of  manganin, 
and  two  tenth-ohm  standards  of  platinum  silver. 

The  method  employed  in  comparing  the  tenth-ohm  standard  is 
described  in  the  Report  of  the  Committee  for  1894  (Oxford 
Meeting),  Report,  p.  128.  In  certain  of  the  experiments  the  same 
mercury  cups  were  used  as  in  1894 ;  in  others,  the  cups  used  by 
Professor  J.  V.  Jones  in  his  absolute  measurements  were  employed. 
The  Standard  Coils  made  use  of  were  the  following:  Elliott, 
No.  269;  Elliott,  No.  270;  and  Nalder,  3716,  the  last  being  a 
ten-ohm  standard,  the  others  units. 

The  following  values  were  found : — 

Nalder,  4274,  ^  389. 
R.T.G.'s  mercury  cups  used 


J.V.J.'s 
R.f.G.'s 

J.V.'j.'s 

Mean 

B.  A. 


•100049 

14-2' 

•100051 

14-1 

•100045 

14-3 

•100030 

1.3-4 

•100054 

15-7 

•100050 

16-1 

•100030 

13-1 

•100042 

13-7 

•100044 

13-7 

•100042 

14-1 

•100043 

14-1 

•100044 

14-2 
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Nalder,  4275, 
R.T.G.'s  mercury  cups  used  . 


390. 


5) 
55 
5» 
55 

J.V'.J.'S 

E.T!G.' 


Mean 


•100060 
•100061 
•100057 
•100040 
•100063 
•100056 
•100045 
•100052 
•100055 
•100054 
•100055 

•100054 


14-4° 

14-4 

14-5 

13-4 

15-8 

16-1 

13-1 

13-7 

13-7 

14-1 

14-1 

14-3 


The  values  found  in  1894  were  respectively 

•100050  and  100053 

in  each  case  at  15'20,  and  the  differences  are  probably  within  the 
errors  of  observation.     If  all  the  individual  observations  for  both 


Fig.  1.    No.  4274. 


Fig.  2.     No.  4275. 
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Results  of  observations  on  the  -1-ohm  coils  used  by  Professors  Ayrton  and 
J.  V.  Jones: — 

Observations  in  1894,  thus  • 
Observations  in  1897,  thus  + 
The  horizontal  divisions  are  0-1°  C. 
The  vertical  divisions  are  '000005  ohm. 

1894  and  1897  be  plotted,  they  will  be  found  to  overlap  each 
other,  and  it  is  difficult  to  assert  that  there  has  been  any  change. 
If  any  exists  it  is  certainly  very  small. 

This  is  shown  in  figs.  1  and  2,  in  which  the  observations 
indicated  by  dots  give  the  results  of  the  1894  experiments,  those 
indicated  by  crosses  the  experiments  of  1897.  At  a  glance  the 
observations  do  not  appear  very  good,  but  it  must  be  remembered 
that  the  vertical  ordinates  are  drawn  to  a  very  large  scale,  the 
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division  being   five-millionths  of  an   ohm.     For  both   coils 
resistance  appears  to  reach  a  maximum  at  about  15*5°  C. 

The  ten-ohm  coils  were  compared  in  the  usual  manner  on  the 
Carey  Foster  bridge  with  the  Standard  Coil,  Nalder,  3716. 

The  following  are  the  values  found  : — 

Nalder,  3873,          367. 


Date 

Value 

Temperature 

December 

11 

11 
11 
11 

Mean 

9,  1897... 
11      „    ... 
13      „    ... 

28      „    ... 
30      „    ... 

9-9913 
9-9917 
9-9891 
9-9877 
9-9909 

14-3° 
14-4 
13-5 
13-15 
14-2 

9-9901 

13-9 

December 

n 

11 
11 
11 

Mean 

Nalder, 

9,  1897  .. 

11      „     - 
13      „     .. 
28      „     .. 
30      „     .. 

3874,  3^  36: 

9-9907 
9-9911 
9-9886 
9-9873 
9-9904 

) 

14-3° 
14-3 
13-5 
13-1 

14-05 

9-9896 

13-9 

The  values  found  in  1893  and  1894  were  as  follows  : — 
For  3873,  9'9919  at  14'8°. 

If  we  take  the  temperature  coefficient  as  "0028 — the  value 
given  by  Messrs  Nalder— this  becomes  9*9894  at  13'9C.  Thus  the 
coil  appears  to  have  risen  in  value  by  '0007  ohm ; 

while  for  3874,  the  value  found  was  9'9926  at  14'9°. 

Messrs  Nalder  give  the  temperature  coefficient  as  '003,  and 
this  leads  to  the  value,  9*9896  at  13'9°,  agreeing  exactly  with  the 
observations  of  December  1897. 

The  results  of  these  observations  are  shown  in  figs.  3  and  4. 
The  dots  refer  to  the  1893  observations,  the  crosses  to  those  of 
1897.  It  appears  that  No.  3874  has  not  changed ;  with  regard  to 
No.  3873,  a  change  is  indicated.  As  to  this  change,  it  appears 

37—2 
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from  the  note-book  that  there  was  some  doubt  as  to  the  tempera*- 
ture  of  one  of  the  observations  in  1893 ;  it  is  recorded  as  14° ;  the 


Fig.  3.     No.  3873. 


Fig.  4.     No.  3874. 
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Results  of  observations  on  the  10-ohm  coils,  used  by  Professors  Ayrton  and 

J.  V.  Jones : — 

Observations  of  1893,  thus  • 

Observations  of  1897,  thus  + 

The  horizontal  divisions  are  0-1°  C. 

The  vertical  divisions  are  *0002  ohms. 

observation  shows  that  the  temperature  must  have  been  about 
13'T.     Furthermore,  the  value  of  the  ten-ohm  standard  used  for 


93920 


93880 


Fig.  3*.     No.  3873.     Revised. 
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Observations  of  1893,  corrected  to  final  value  of  10-ohm  standard,  shown  thus 
Observations  of  1897,  thus  + 
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3873  was  not  definitely  determined  in  1893.  If  allowance  is  made 
for  these  two  facts,  the  value  of  3893  at  13'9°  is  raised  to  9'9923 ; 
thus  the  curve  shown  in  fig.  3*  is  obtained,  and  the  apparent 
change  in  value  is  reduced  to  about  *0003  ohm,  or  three  parts  in 
one  hundred  thousand.  On  the  whole,  then,  I  conclude  that  3873 
has  changed  since  1893  by  about  this  amount,  while  3874  has 
remained  stationary  in  value.  The  discrepancy  between  this 
conclusion  and  that  given  by  Mr  Solomon  in  Appendix  II.  depends 
on  the  different  values  employed  for  the  temperature  coefficients. 

The  values  of  these  coefficients  obtained  over  so  short  a  range 
are  not  of  much  importance.  Still,  in  view  of  Mr  Solomon's 
determination,  they  may  be  given.  They  are :  For  3873,  '000283 ; 
and  for  3874,  '000277.  These  values  are  relative  to  the  standard 
coils  of  the  Association. 


APPENDIX  II. 

On  the  Determination  of  the  Temperature  Coefficients  of  Two 
10-Ohm  Standard  Resistance  Coils  (Nos.  3873  and  3874)  used 
in  the  1897  Determination  of  the  Ohm.  By  M.  SOLOMON. 

In  •  the  determination  of  the  ohm  made  by  Professor  W.  E. 
Ayrton  and  Professor  J.  Viriamu  Jones  in  1897  (Report,  1897, 
p.  212),  four  standard  resistance  coils  were  used,  two  of  which  had 
a  resistance  of  10  ohms  each,  and  two  of  O'l  ohm  each.  Values 
for  the  temperature  coefficients  of  these  coils  had  been  calculated 
from  four  accurate  determinations  of  their  resistance  made,  two  by 
Mr  Glazebrook  in  1894  and  1897,  and  two  by  the  Board  of  Trade 
in  1896  and  1897  (The  Electrician,  vol.  XL.  p.  39).  The  values 
thus  obtained  neither  agreed  with  one  another  nor  with  the 
coefficients  given  by  the  makers,  Messrs  Nalder  Bros.  &  Co.  It 
therefore  became  necessary  to  make  as  accurate  a  determination 
as  possible  to  endeavour  to  find  the  correct  values  for  the  co- 
efficients. The  following  Paper  gives  the  results  of  the  tests  made 
on  the  two  10-ohm  coils  (Nos.  3873  and  3874),  the  tests  on  the 
other  two  coils  being  not  yet  completed.  These  two  coils  are  of  the 
B.  A.  pattern,  and  are  made  of  platinum  silver  wire.  A  preliminary 
series  of  tests  made  on  one  of  the  coils  showed  that  to  attain  the 
required  accuracy  special  precautions  would  have  to  be  taken  to 
keep  the  coils  at  steady  temperatures.  Each  coil  was  therefore 
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placed  in  an  oil  bath,  the  temperature  of  which  was  automatically 
regulated.  In  making  the  determination  of  the  temperature 
coefficient  of  one  coil,  the  other  was  used  as  a  standard,  and  was 
kept  at  a  constant  temperature  throughout  the  whole  series  of 
tests.  The  coil  under  test  was  maintained  at  a  steady  temperature 
for  some  time,  and  a  measurement  of  the  difference  of  resistance 
between  it  and  the  standard  was  then  made  by  means  of  a  Carey 
Foster  bridge.  The  temperature  of  the  coil  being  tested  was  then 
altered  and  a  fresh  measurement  taken,  this  being  repeated  for 
several  temperatures. 

The  apparatus  used  in  the  measurements  was  arranged  in  the 
following  manner.  The  standard  coil  was  placed  in  an  oil  bath 
with  two  vessels,  in  the  inner  of  which  the  coil  itself  and  a 
carefully  standardised  thermometer  were  immersed.  In  the  outer 
bath  was  the  bulb  of  an  alcohol  thermometer,  the  mercury  index 
of  which,  when  the  temperature  rose  too  high,  completed  the 
circuit  of  an  electromagnet  and  battery,  and  caused  the  gas  which 
heated  the  bath  to  be  put  out.  On  the  bath  cooling  the 
circuit  of  the  electromagnet  was  broken,  and  the  gas  turned  on 
and  relighted  by  a  bypass.  This  thermostat  was  very  sensitive, 
the  temperature  of  the  inner  bath  rarely  varying  so  much  as 
0'05°  C.  in  a  day,  and  in  a  run  of  ten  days  undergoing  a  maximum 
variation  of  0*3°  C.  The  thermostat  in  which  the  coil  under  test 
was  placed  was  not  so  sensitive,  but  was  designed  to  work  over 
a  greater  range  of  temperature.  The  coil  and  thermometer  were 
placed  in  an  inner  bath,  and  in  the  outer  bath  was  a  large  brass 
bulb  filled  with  alcohol.  The  expanding  alcohol  either  passed  into 
a  small  reservoir,  or,  when  the  passage  to  this  was  closed  by 
shutting  a  stop-cock,  it  expanded  into  one  arm  of  a  glass  U  tube, 
thereby  forcing  a  mercury  index  at  the  bottom  up  the  other  arm  ; 
this  index  cut  off  the  gas  supply  by  closing  the  aperture  of  the 
inlet  tube.  On  cooling  the  index  sank;  the  gas  was  turned  on 
and  relighted  by  a  bypass.  Regulation  of  the  temperature  accord- 
ingly did  not  take  place  until  the  path  leading  to  the  reservoir 
was  closed,  so  that  regulation  at  any  desired  temperature  could  be 
obtained  by  leaving  the  stop-cock  open  until  that  temperature  has 
been  reached.  In  this  case,  as  also  in  the  other  thermostat,  the 
bath  was  not  heated  directly  by  the  gas  jet,  but  a  baffle  plate  was 
interposed.  The  daily  variation  of  temperature  with  this  apparatus 
was  about  0*2°  C.,  but  the  changes  were  so  slight  and  so  slow  that 
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the  probable  error  introduced  would  be  less  than  that  caused  by 
error  in  reading  the  thermometer.  The  bath  was  always  kept  at 
a  constant  temperature  for  some  hours  before  readings  were  taken. 
With  these  arrangements  it  was  safe  to  assume  that  the  tempera- 
ture of  the  coil  was  the  same  as  that  read  off  from  the  thermometer. 
The  terminals  of  the  coil  dipped  into  mercury  cups  in  one  end  of 
a  pair  of  stout  copper  rods,  half  an  inch  in  diameter,  the  other 
ends  of  which  rested  in  mercury  cups  on  a  Carey  Foster  bridge. 
The  leads  from  each  of  the  coils  were  of  very  small  and  approxi- 
mately equal  resistance,  so  that  no  appreciable  error  could  be 
introduced  by  alteration  in  their  resistance  with  change  of 
atmospheric  temperature.  Also,  as  a  part  of  each  lead  was  inside 
the  thermostat,  heat  lost  by  conduction  along  the  leads  would  be 
withdrawn  from  this  part  and  not  from  the  coil  itself. 

The  measurements  were  made  with  a  Carey  Foster  bridge,  the 
platinum  silver  slide-wire  of  which  had  been  previously  calibrated. 
This  wire  was  50  centimetres  long,  and  had  a  resistance  of  0-001859 
ohm  per  half  centimetre  at  13'5°  C.,  and  was  graduated  in  half 
millimetres.  Correction  was  made  for  alteration  in  the  resistance 
of  the  wire  due  to  change  in  its  temperature,  an  increase  of  1°  C. 
producing  an  increase  of  O'OOOOll  ohm  in  the  resistance  of  half 
a  centimetre.  Determinations  of  the  difference  of  resistance 
between  the  two  coils  were  made  at  intervals  of  about  an  hour, 
and  if  two  or  three  quite  consistent  readings  could  be  taken  these 
were  considered  as  correct,  but  where  discrepancies  occurred  the 
mean  of  several  results  was  taken.  The  slight  changes  in  the 
temperature  of  the  standard  were  easily  allowed  for,  since  it  could 
be  assumed  that  for  such  small  changes  the  two  coils  had  the  same 
temperature  coefficients.  So  if  the  standard,  instead  of  being  at 
the  temperature  t,  were  at  the  temperature  t  +  B,  and  if  the  coil 
under  test  were  at  the  temperature  t',  it  was  assumed  that  the 
standard  was  at  temperature  t,  and  the  coil  under  test  at  the 
temperature  t'  —  8. 

There  are  four  principal  sources  by  which  error  can  be  intro- 
duced, viz.  error  in  obtaining  the  correct  position  of  balance,  error 
in  the  value  of  the  temperature  coefficient  of  the  slide-wire,  error 
in  reading  the  temperature  of  the  standard  coil,  and  error  in 
reading  the  temperature  of  the  coil  under  test.  As  regards  the 
first  of  these,  the  sensibility  of  the  arrangement  was  such  that 
a  change  of  half  a  millimetre  in  the  position  of  the  slider  produced 
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a  deflection  of  about  a  centimetre  on  the  galvanometer  scale,  so 
that  balance  could  easily  be  obtained  correct  to  0*05  mm.  The 
error  due  to  not  knowing  the  temperature  coefficient  of  the  slide- 
wire  with  certainty  will  not  be  great,  as  all  the  measurements 
were  made  at  temperatures  near  to  13*5°  C.,  at  which  temperature 
its  resistance  was  known.  The  greatest  error  is  introduced  in 
reading  the  thermometers  which  were  graduated  in  tenths  of  a 
degree,  each  division  being  about  0'6  mm.  in  length,  so  that  the 
temperatures  could  not  be  read  with  certainty  to  less  than  0*02°  C. 
If  all  these  errors  should  be  made  in  one  direction  in  making  one 
determination  of  difference  of  resistance,  and  all  in  the  opposite 
direction  in  making  a  second,  there  is  a  possible  maximum  error 
of  about  3  per  cent,  in  the  value  of  the  temperature  coefficient 
calculated  from  these  two  determinations.  This  is,  however,  highly 
improbable,  and,  moreover,  makes  no  allowance  for  taking  the 
mean  of  several  readings.  The  error  in  the  temperature  coefficient 
is  probably  not  greater  than  1  per  cent.,  if  as  great. 

The  following  summarises  the  results  of  the  experiments : — 

Ten-Ohm  Standard  Coil,  No.  3873. 

A  series  of  tests  was  made  on  this  coil  in  the  manner  above 
described,  lasting  from  March  22  to  April  1, 1898.  Determinations 
were  obtained  of  the  difference  between  the  resistance  of  No.  3873 
at  six  different  temperatures,  and  the  resistance  of  No.  3874  at 
16-70°  C.,  with  the  following  results:— 


Temperature  of 
No.  3873 

Excess  resist,  in  ohms  of             Change  of 
No.  3873,  above  No.  3874,             resist,  per 
at  16-70°  C.                             1°C. 

(a) 
(b) 
(c} 
(d) 

(«) 

(/) 

16-31°  C. 
19-33°  C. 

22-10°  C. 
22-43°  C. 
25-43°C. 
26-22°  C. 

-0-001896 
+  0-007380 
+  0-01545 
+  0-01639 
+  0-02470 
+  0-02678 

0-00^07 

-*=--£T-1--,    0-00291) 
-cX*"--»    0-00291$ 
-•=-1^---   0-00278) 

—  ~  I  _               UUUz//) 

~  ~    0'00274 

From  readings  a,  b,  c,  and  e,  and  from  the  measurement  of  the 
resistance  of  the  coil  made  by  Mr  Glazebrook  in  December,  1897, 
giving  RIW  =  9'9901  ohms,  we  get 

Rt  =  9-9398  (1  +  0-000397*  -  0-000002  (4)  P). 

After  testing  this  coil  the  other  coil  (No.  3874)  was  tested, 
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and   then   three   check   tests  were   made  on  this  coil  with  the 
following  results: — 


Temperature  of 
No.  3873 

Excess  resistance  in  ohms  above  No.  3874, 
at  16-70°  C. 

(ff)     19-62°  C. 
(A)     15-95°C. 
(k)     18-13°  C. 

+  0008398 
-0-003074 
+  0-003704 

These  points  lie  well  on  the  curve  obtained  in  the  former  tests 
(see  fig.  5).  From  the  formula  given  above  the  coil  will  have  the 
correct  resistance  of  10  ohms  at  17'0°  C. 


Fig.  5. 
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Curve  showing  change  of  resistance  of  10-ohm  standard  coil,  No.  3873, 
with  change  of  temperature.  Ordinates  give  excess  of  resistance  of 
3873  above  3874  at  16-70°  C. 

To  compare  the  temperature  coefficient  here  obtained  with 
those  previously  determined  we  have  four  measurements  of  resist- 
ance, as  follows : — 


A.  Mr  Glazebrook  in  March,  1894. 

B.  Board  of  Trade  in  Nov.  1896. 

C.  Board  of  Trade  in  Aug.  1897. 

D.  Mr  Glazebrook  in  Dec.  1897. 


Resistance  =  9-9923     ohms  at  14'8°   C. 


=  9-992994 
=  1000712 
=  9-9901 


14'86°C. 
19-3°  C. 
13-9°  C. 
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These  furnish  data  for  calculating  the  temperature  coefficient, 
and  we  have  also  the  value  given  by  the  makers,  Messrs  Nalder 
Bros.  &  Co. :— 


Observer 

Range  of 
Temperature 

Temperature 
coefficient 
per  1°  C. 

Coefficient 
from  these 
tests  for 
same  range 

Messrs  Nalder  Bros.  &  Co.... 
Tests  A  and  C         

17-0°    -22-0°C. 
14-8°    -19'3°C. 

0-000276 
0-000331 

0-000303 
0-000315 

Z?and  C  

14-86°  -  19'3°  C. 

0-000320 

0-000315 

D             

13-15°-  14-4°  G. 

0*000299 

0-000330 

I)  and  C  

13-9°    -19-3°C. 

0-000317 

0-000317 

This  table  shows  that  the  coefficients  calculated  from  tests  B 
and  C  and  from  tests  D  and  C  are  both  in  very  close  agreement 
with  those  I  obtain  for  the  same  range  of  temperature. 


Ten-Ohm  Standard  Coil,  No.  3874. 

% 

A  series  of  tests  on  coil  No.  3874,  lasting  from  May  19  to 
May  31,  1898,  were  made,  and  in  addition  we  have  one  result 
from  the  tests  on  coil  No.  3873.  Altogether  we  have  the 
following : — 


Temperature  of 
No.  3874 

Excess  resist,  in  ohms  of 
No.  3874,  above  No.  3873, 
at  17-2.5°  C. 

Change  of 
resist,  per 
1°C. 

(a)     16-70°  C. 

-0-00095  _^  

0-00334 

(6)     17-46°  G. 

+0-00159  --^-^"r^ 

0-00332 

(c)      18-08°  C. 

+  0-00363  —  -=-'"  __ 

0-00323 

(cTi     19-09°  C. 

+  0-00689  —  ~  ~  -  

0-00306 

(e]     21-37°C. 

+  0-01382  —--•"-  ^ 

0-00286 

(/•)    22-22°  C. 

+  0-01641  ^-—^- 

0-00278 

(g)     24-46°  G. 

+  0-02264  - 

From  readings  a,  c,  e  and  g,  and  Mr  Glazebrook's  determination 
of  the  resistance  in  December,  1897,  which  gave  -#13-9°  =  9'9896 
ohms,  we  get 

Rt  =  9-9313  (1  +  0-00048U  -  0-000004  (2)  *2). 
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Check  tests  were  made  on  this  coil  after  those  on  coil  No.  3873 
had  been  made,  and  gave  the  following  results : — 


Temperature  of 
No.  3874 

Excess  resistance  in  ohms  above  No.  3873 
at  17-25°  C. 

(Ji)     18-77°  C. 
(£)     20-15°  C. 

+0-00583 
+  0-01040 

All  the  nine  points  lie  on  a  smooth  curve  (see  fig.  6).     These 
tests  make  the  coil  correct  at  16'9°  C. 
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Curve  showing  change  of  resistance  of  10-ohm  standard  coil,  No.  3874, 
with  change  of  temperature.  Ordinates  give  excess  of  resistance  of 
3874  above  3873  at  17-25°  C. 

For  purposes  of  comparison  we  have  a  similar  set  of  data  to 
those  used  for  the  other  coil.  The  four  measurements  of  resistance 
gave  the  following  results  : — 

A.  Mr  Glazebrook  in  March,  1894. 

B.  Board  of  Trade  in  Nov.  1896. 

C.  Board  of  Trade  in  Aug.  1897. 

D.  Mr  Glazebrook  in  Dec.  1897. 


Resistance  =  9'9926     ohms  at  14'9°   C. 

=  9-993213       „        14-91°  C. 

„         =10-00775         „        19-3°   C. 

=   9-9896  13-9°   C. 


From  these  we  get  the  following  values  for  the  temperature 
coefficient : — 
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Observer 

Range  of 
Temperature 

Temperature 
coefficient 
per  1°  C. 

Coefficient 
from  these 
tests  for 
same  range 

Messrs  Nalder  Bros.  &  Co.  .  .  . 
Tests  A  and  C  

17-0°    -22-0°C. 
14-9°    _19-3°C 

0-000300 
0-000346 

0-000316 
0-000336 

„      B  and  C  

14-91°-  19-3°  C 

0-000333 

0*000336 

„     D.  . 

13-1°   —  14-3°  C 

0*000279 

0"000365 

„     D  and  C 

13'9°   —  19'3°C 

0*000338 

0*000341 

Here  again  the  same  two  sets  of  tests,  viz.  tests  B  and  C,  and 
tests  D  and  (7,  give  values  for  the  temperature  coefficient  very 
nearly  equal  to  those  I  obtain  for  the  same  range  of  temperatures. 

Since  for  both  coils  the  temperature  coefficients  that  I  obtain 
agree  with  those  calculated  from  the  three  last  measurements  of 
resistance — namely,  the  two  measurements  by  the  Board  of  Trade 
and  Mr  Glazebrook's  last  test — these  experiments  seem  to  show 
that  the  coils  have  not  changed  since  1896,  but  that  the  resistances 
as  measured  in  1894  were  a  little  lower  than  those  that  would 
now  be  obtained  at  the  same  temperatures. 

This  conclusion  may  be  better  illustrated  by  calculating  what 
would  be  the  resistances  at  the  temperatures  of  the  various  tests, 
on  the  assumption  that  the  coefficients  I  obtain  are  correct,  and 
that  Mr  Glazebrook's  last  (in  December,  1897)  is  correct.  We 
then  get  the  following : — 


Temperature  of  test 

Resistance  as 
measured  in  ohms 

Resistance  as  cal- 
culated in  ohms 

14-8°    C.     (A] 

9-9923 

9-9930 

Coil  No.  3873 

14-86°  C.     (B) 
19-3°    C.     (C) 

9-9930 
10-0071 

9-9931 
10-0071 

13-9°    C.     (D) 

9-9901 

9-9901 

14-9°    C.     (A) 

9-9926 

9-9932 

Coil  No.  3874 

14-91°  C.     (B) 
19-3°   C.     (C) 

9-9932 
10-00775 

9-9932 
10-0079 

13-9°   C.     (/>) 

9-9896 

9-9896 

Thus  we  see  that  the  1894  measurements  (A)  are  too  low  by 
as  much  as  7  parts  in  100,000  in  the  case  of  coil  No.  3873,  and 
6  parts  in  100,000  in  the  case  of  No.  3874.  In  the  case  of  the 
other  two  measurements  the  calculated  results  only  differ  from 
the  observed  results  by  1  or  1-5  parts  in  100,000. 
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These  experiments  were  carried  out  in  the  laboratory  of  the 
Central  Technical  College,  South  Kensington,  and  I  am  much 
indebted  to  Professor  Ayrton  and  Mr  T.  Mather  for  their  valuable 
guidance  and  advice. 


APPENDIX  III. 

An  Ampere  Balance.     By  Professor  W.  E.  AYRTON,  F.R.S., 
and  Professor  J.  VIRIAMU  JONES,  F.R.S. 

The  Report  of  the  Committee  on  Electrical  Standards  for  1897 
ended  with  the  following  paragraph :  "It  thus  appears  to  be  a 
matter  of  urgent  importance  that  a  redetermination  of  the  electro- 
chemical equivalent  of  silver  should  be  made  and  that  the  general 
question  of  the  absolute  measurement  of  electric  currents  should 
be  investigated...."  This  work  we  were  asked  by  the  Committee 
to  carry  out,  and  a  grant  of  £75  was  voted  in  its  aid.  We  were 
thus  led  to  examine  into  the  methods  which  had  been  employed 
by  Lord  Rayleigh,  Professor  Mascart,  and  others,  for  determining 
the  absolute  value  of  a  current,  as  well  as  to  consider  some  other 
methods  which  have  not,  as  far  as  we  know,  been  hitherto  used. 

After  much  consideration  we  decided  to  adopt  a  form  of 
apparatus  which,  while  generally  resembling  the  type  employed 
by  some  previous  experimenters,  possessed  certain  important 
differences,  and,  before  expending  any  part  of  the  grant  of  £75,  to 
construct,  without  expense  to  the  British  Association,  the  following 
preliminary  Ampere  Balance. 

On  a  vertical  cylinder  about  17  inches  high  and  6*8  inches  in 
diameter  we  wound  two  coils,  about  5  inches  in  height,  separated 
by  an  axial  distance  of  5  inches.  The  coils  consisted  each  of 
a  single  layer  of  about  170  convolutions  of  wire  and  were  wound 
in  opposite  directions.  From  the  beam  of  a  balance  there  was 
suspended,  inside  this  cylinder,  a  light  bobbin  about  4  inches  in 
diameter,  on  which  was  wound  a  coil  about  10  inches  long 
consisting  of  a  single  layer  of  360  convolutions,  and  the  whole 
apparatus  was  so  adjusted  that  when  the  beam  of  the  balance  was 
horizontal  the  inner  and  outer  coils  were  coaxial  and  the  top  and 
bottom  of  the  inner  suspended  coil  were  respectively  in  the  mean 
planes  of  the  outer  stationary  coils. 

This  arrangement  was  adopted  because  with  coils  consisting  of 
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only  one  layer  the  geometrical  dimensions  could  be  accurately 
determined,  and  because  the  shapes  of  the  coils  lent  themselves  to 
the  use  of  the  convenient  formula,  readily  expressible  in  elliptic 
integrals,  for  the  force,  F,  between  a  uniform  cylindrical  current 
sheet  and  a  coaxial  helix,  viz.  :  — 


where  7  is  the  current  per  unit  length  of  the  current  sheet,  7^  the 
current  in  the  helix,  and  Ml  and  Mz  the  coefficients  of  mutual 
induction  of  the  helix  and  the  circular  ends  of  the  current  sheet*. 

The  value  of  a  particular  current  of  about  0'63  ampere  having 
been  determined  absolutely  by  means  of  this  apparatus,  the  rate  at 
which  it  would  deposit  silver  under  specified  conditions  was 
ascertained  indirectly,  by  observing  its  silver  value  on  a  Kelvin 
balance  which  had  been  kept  screwed  down  in  a  fixed  position  for 
several  years  past  and  which  had  been  calibrated  many  times 
during  that  period  by  reference  to  the  silver  voltameter. 

The  result  of  this  preliminary  investigation  showed  that  the 
silver  value  of  the  true  ampere  was  so  nearly  equal  to  the  reputed 
value,  viz.  1*118  milligrammes  per  second,  as  to  require  the  use  of 
an  apparatus  still  more  perfectly  constructed,  and  therefore  of 
a  much  more  expensive  character,  to  enable  the  error,  if  any,  in 
this  value  to  be  ascertained  with  accuracy. 

We,  therefore,  started  on  the  design  of  the  instrument,  of 
which  we  now  submit  the  working  drawings,  and  for  the  future 
construction  of  which  we  would  ask  for  a  grant  of  £300  including 
the  unexpended  grant  of  £75  voted  last  year.  And  we  anticipate 
that  this  new  piece  of  apparatus  may  prove  worthy  of  constituting 
a  national  Ampere  Balance,  the  counterpoise  weight  for  which  will 
be  determined  purely  by  calculation  based  on  the  dimensions  of 
the  instrument,  the  number  of  convolutions  of  wire  in  the  three 
coils,  and  the  value  of  the  acceleration  of  gravity  at  the  place 
where  the  instrument  may  be  permanently  set  up.  In  this 
particular  it  will  differ  entirely  from  the  "  Board  of  Trade  Ampere 
Standard  Verified,  1894,"  which  has  had  its  counterpoise  weight 
adjusted  so  that  the  beam  is  horizontal  when  a  current  passes 

*  See  Proceedings  of  the  Eoyal  Society,  vol.  LXIII.  :  "  On  the  Calculation  of  the 
Coefficient  of  Mutual  Induction  of  a  Circle  and  a  Coaxial  Helix,  and  of  the 
Electromagnetic  Force  between  a  Coaxial  Current  and  a  Uniform  Coaxial  Circular 
Cylindrical  Current  Sheet."  By  Professor  J.  V.  Jones. 
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through  the  instrument,  which  will  deposit  exactly  1*118  milli- 
grammes of  silver  per  second  under  specified  conditions.  In  fact, 
the  proposed  Ampere  Balance  and  the  existing  Ampere  Standard 
will  differ  exactly  in  the  same  way  as  do  a  Lorenz  apparatus  and 
the  "  Board  of  Trade  Ohm  Standard  Verified,  1894." 

We  have  to  express  our  thanks  to  Mr  Mather  for  taking  charge 
of  the  construction  and  use  of  the  preliminary  apparatus,  for 
checking  all  the  calculations  in  connexion  with  the  determination 
of  the  electrochemical  equivalent  of  silver  that  was  made  with  it, 
as  well  as  for  superintending  the  making  of  the  working  drawings 
of  the  new  Ampere  Balance.  We  have  also  to  thank  Messrs 
W.  H.  Derriman  and  W.  N.  Wilson,  two  of  the  students  of  the 
City  and  Guilds  Central  Technical  College,  for  their  cordial 
assistance  in  carrying  out  the  work. 
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THE  Committee  have  been  engaged  during  the  year  on  the 
consideration  of  the  details  of  the  new  ampere  balance,  for  which 
a  grant  of  £300  was  voted  at  Bristol. 

Professors  Ayrton  and  Viriamu  Jones  have  completed  the 
plans  and  specifications,  and  the  construction  of  the  balance  has 
been  authorised. 

An  important  addition  to  the  plan  proposed  at  Bristol  consists 
of  an  arrangement  for  adjusting  accurately  the  position  of  the 
fixed  coils.  Sir  Andrew  Noble  has  generously  undertaken  to  have 
this  constructed  at  Elswick  free  of  cost,  and  the  Committee  desire 
to  thank  him  for  the  offer,  which  they  have  gladly  accepted. 

In  consequence  of  the  fact  that  the  balance  is  not  yet  com- 
pleted, the  grant  of  £300  made  last  year  has  not  been  expended, 
and  the  Committee  apply  for  its  renewal. 

An  appendix  to  the  Report  contains  a  proof  by  Lord  Rayleigh 
of  a  theorem  due  to  Professor  J.  V.  Jones,  on  which  the  mathe- 
matical theory  of  the  new  balance  is  based. 

Details  of  the  balance  are  reserved  until  it  has  actually  been 
constructed. 

Professor  Callendar  has  brought  before  the  Committee  pro- 
posals for  the  adoption  of  a  standard  scale  of  temperature  based 
on  the  Platinum  Resistance  Thermometer.  These  are  printed  in 
an  appendix  and  formed  the  basis  of  a  discussion  in  the  Section. 
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A  Sub-Committee  has  been  formed  to  consider  these  proposals  and 
to  report  to  the  Committee. 

The  ordinary  testing  of  standards  has  been  interrupted  by  the 
removal  of  the  Secretary  to  Liverpool,  and  still  further  by  his 
proposed  removal  to  Ke\v.  With  respect  to  this  the  Committee 
have  passed  the  following  resolution: — 

That  Mr  R.  T.  Glazebrook,  as  Secretary  of  the  Committee,  be 
authorised  and  requested  to  retain  the  custody  of  the  Electrical 
Standards  of  the  Association,  and  to  remove  them  from  Liverpool 
to  London  when  he  takes  up  his  post  as  Director  of  the  National 
Physical  Laboratory. 

The  removal  of  the  Standards  and  the  investigations  of 
Platinum  Thermometry  will  necessitate  some  expenditure  during 
the  year. 

The  Committee  therefore  recommend  that  they  be  reappointed, 
with  the  addition  of  Sir  William  Roberts-Austen  and  Mr  Matthey, 
and  with  a  grant  of  £25  in  addition  to  the  unexpended  balance 
(£300)  of  last  year's  grant,  and  that  Lord  Rayleigh  be  Chairman 
and  Mr  R.  T.  Glazebrook  Secretary. 


APPENDIX  I. 
The  Mutual  Induction  of  Coaxial  Helices.     By  LORD  RAYLEIGH. 

Professor  J.  V.  Jones*  has  shown  that  the  coefficient  of  mutual 
induction  (M)  between  a  circle  and  a  coaxial  helix  is  the  same  as 
between  the  circle  and  a  uniform  circular  cylindrical  current-sheet 
of  the  same  radial  and  axial  dimensions  as  the  helix,  if  the  currents 
per  unit  length  in  helix  and  sheet  be  the  same.  This  conclusion 
is  arrived  at  by  comparison  of  the  integrals  resulting  from  an 
application  of  Neumann's  formula ;  and  it  may  be  of  interest  to 
show  that  it  may  be  deduced  directly  from  the  general  theory  of 
lines  of  force. 

In  the  first  place,  it  may  be  well  to  remark  that  the  circuit  of 
the  helix  must  be  supposed  to  be  completed,  and  that  the  result 
will  depend  upon  the  manner  in  which  the  completion  is  arranged. 
In  the  general  case  the  return  to  the  starting-point  might  be  by 
a  second  helix  lying  upon  the  same  cylinder;  but  for  practical 

*  Proc.  Roy.  Soc.  vol.  LXHI.  (1897),  p.  192. 
B.  A.  38 
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purposes  it  will  suffice  to  treat  of  helices  including  an  integral 
number  of  revolutions,  so  that  the  initial  and  final  points  lie  upon 
the  same  generating  line.  The  return  will  then  naturally  be 
effected  along  this  straight  line. 

Let  us  now  suppose  that  the  helix,  consisting  of  one  revolution 
or  of  any  number  of  complete  revolutions,  is  situated  in  a  field  of 
magnetic  force  symmetrical  with  respect  to  the  axis  of  the  helix. 
In  considering  the  number  of  lines  of  force  included  in  the 
complete  circuit,  it  is  convenient  to  follow  in  imagination  a  radius- 
vector  drawn  perpendicularly  to  the  axis  from  any  point  of  the 
circuit.  The  number  of  lines  cut  by  this  radius,  as  the  complete 
circuit  is  described,  is  the  number  required,  and  it  is  at  once 
evident  that  the  part  of  the  circuit  corresponding  to  the  straight 
return  contributes  nothing  to  the  total*.  As  regards  any  part  of 
the  helix  corresponding  to  a  rotation  of  the  radius  through  an 
angle  d6,  it  is  equally  evident  that  in  the  limit  the  number  of 
lines  cut  through  is  the  same  as  in  describing  an  equal  angle  of 
the  circular  section  of  the  cylinder  at  the  place  in  question,  whence 
Professor  Jones's  result  follows  immediately.  Every  circular 
section  is  sampled,  as  it  were,  by  the  helix,  and  contributes 
proportionally  to  the  result,  since  at  every  point  the  advance  of 
the  vector  parallel  to  the  axis  is  in  strict  proportion  to  the 
rotation.  It  is  remarkable  that  the  case  of  the  helix  (with  straight 
return)  is  simpler  than  that  of  a  system  of  true  circles  in  parallel 
planes  at  intervals  equal  to  the  pitch  of  the  helix. 

The  replacement  of  the  helix  by  a  uniform  current-sheet  shows 
that  the  force  operative  upon  it  in  the  direction  of  the  axis  (dMjdx) 
depends  only  upon  the  values  of  if  appropriate  to  the  two  terminal 
circles. 

If  the  field  is  itself  due  to  a  current  flowing  in  a  helix,  the 
condition  of  symmetry  about  the  axis  is  only  approximately 
satisfied.  The  question  whether  both  helices  may  be  replaced  by 
the  corresponding  current-sheets  is  to  be  answered  in  the  negative, 
as  may  be  seen  from  consideration  of  the  case  where  there  are  two 
helices  of  the  same  pitch  on  cylinders  of  nearly  equal  diameters. 
In  one  relative  position  of  the  cylinders  the  paths  are  in  close 

*  This  would  be  true  so  long  as  the  return  lies  anywhere  in  the  meridional 
plane.  In  the  general  case,  where  the  number  of  convolutions  is  incomplete,  the 
return  may  be  made  along  a  path  composed  of  the  extreme  radii  vectores  and  of  the 
part  of  the  axis  intercepted  between  them. 
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proximity  throughout,  and  the  value  of  M  will  be  large,  but  this 
state  of  things  may  be  greatly  altered  by  a  relative  rotation 
through  two  right  angles. 

But  although  in  strictness  the  helices  cannot  be  replaced  by 
current-sheets,  the  complication  thence  arising  can  be  eliminated 
in  experimental  applications  by  a  relative  rotation.  For  instance, 
if  the  helix  to  which  the  field  is  supposed  to  be  due  be  rotated, 
the  mean  field  is  strictly  symmetrical,  and  accordingly  the  mean 
M  is  the  same  as  if  the  other  helix  were  replaced  by  a  current- 
sheet.  A  further  application  of  Professor  Jones's  theorem  now 
proves  that  the  first  helix  may  also  be  so  replaced.  Under  such 
conditions  as  would  arise  in  practice,  the  mean  of  two  positions 
distant  180°,  or  at  any  rate  of  four  distant  90°,  would  suffice  to 
eliminate  any  difference  between  the  helices  and  the  corresponding 
current-sheets,  if  indeed  such  difference  were  sensible  at  all. 

The  same  process  of  averaging  suffices  to  justify  the  neglect  of 
spirality  when  the  observation  relates  to  the  mutual  attraction  of 
two  helices  as  employed  in  current  determinations. 


APPENDIX  II. 

Proposals  for  a  Standard  Scale  of  Temperature  based  on  the 
Platinum  Resistance  Thermometer.  To  be  submitted  to  the 
Electrical  Standards  Committee.  Drawn  up  by  Professor 
H.  L.  CALLENDAR,  M.A.,  F.R.S. 

The  following  proposals  are  submitted  in  consideration  of  the 
importance  of  adopting  a  practical  thermometric  standard  for  the 
accurate  verification  and  comparison  of  scientific  measurements  of 
temperature.  The  gas  thermometer,  which  has  long  been  adopted 
as  the  theoretical  standard,  has  given  results  so  discordant  in  the 
hands  of  different  observers  at  high  temperatures,  as  greatly  to 
retard  the  progress  of  research. 

The  arguments  in  favour  of  the  adoption  of  the  platinum 
resistance  thermometer  as  a  practical  standard  were  given  by 
Professor  H.  L.  Callendar,  in  a  paper  "  On  the  Practical  Measure- 
ment of  Temperature,"  communicated  to  the  Royal  Society  in 
June  1886,  and  published  in  the  Phil.  Trans,  in  the  following  year. 
These  arguments  have  since  been  confirmed  and  strengthened  by 
the  work  of  many  independent  observers. 

38—2 
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The  Electrical  Standards  Committee  of  the  British  Association 
have  done  so  much  in  the  past  with  reference  to  the  adoption  of 
the  present  electrical  standards,  and  more  recently  in  connexion 
with  the  adoption  of  the  joule  as  the  absolute  unit  of  heat,  that  it 
would  appear  to  be  the  most  appropriate  authority  for  the 
discussion  and  approval  in  the  first  instance  of  proposals  relating 
to  an  electrical  standard  of  thermometry. 

The  suggestions  for  the  standard  scale  of  temperature  here 
proposed  may  be  embodied  in  the  following  resolutions:  — 

(1)  That  a  particular  sample  of  platinum  wire  be  selected, 
and  platinum   resistance  thermometers  constructed  to   serve   as 
standards  of  the  platinum  scale  of  temperature. 

(Note.  —  A  degree  centigrade  of  temperature  on  the  scale  of 
a  platinum  resistance  thermometer  corresponds  to  an  increase  of 
resistance  equal  to  the  hundredth  part  of  the  change  of  resistance 
between  0°  and  100°  C.  In  other  words  temperature  pt  on  the 
platinum  scale  is  defined  by  the  formula 

pt  =  100  (R  -  R°)/(R'  -  R°), 

in  which  the  letters  R.  R°,  and  R  stand  for  the  resistances  of  the 
thermometer  at  the  temperatures  pt,  0°,  and  100°  C.,  respectively. 
The  melting-point  of  ice  is  taken  as  the  zero  of  this  scale  in 
accordance  with  common  usage.) 

(2)  That  the  scale  of  temperature  t  deduced  from  the  standard 
platinum  scale  by  means  of  the  parabolic  difference  formula, 


which  has  been  proved  to  give  a  very  close  approximation  to  the 
true  or  thermodynamic  scale,  be  recommended  for  adoption  as 
a  practical  standard  of  reference,  and  be  called  the  British  Associa- 
tion Scale  of  Temperature. 

(Note.  —  The  gas  thermometer  would  still  remain  the  ultimate 
or  theoretical  standard,  and  the  exact  relation  of  the  British 
Association  scale  to  the  absolute  scale  would  be  the  subject  of  future 
investigation.  In  the  present  state  of  experimental  science,  the 
difference  between  the  two  scales  over  the  greater  part  of  the  range 
is  less  than  the  probable  errors  of  measurement  with  the  gas  ther- 
mometer, and  the  possible  accuracy  of  measurement  with  a  platinum 
thermometer,  especially  at  high  temperatures,  is  of  a  much  higher 
order  than  with  the  gas  thermometer.  Measurements  directly 
referred  to  the  British  Association  scale  would  therefore  be  of 


FOR   ELECTRICAL   MEASUREMENTS  597 

greater  permanent  value,  because  they  could  be  subsequently 
corrected  when  the  relation  between  the  scales  had  been  more 
accurately  determined.) 

(3)  That   the   value   of  the   difference-coefficient   d   in   the 
parabolic  difference-formula  be  determined  for  the  British  Associa- 
tion standard  thermometers  by  reference  to  the  boiling-point  of 
sulphur  as  a  secondary  fixed  point  in  the  manner  described  by 
Callendar  and  Griffiths,  Phil.  Trans.  A,  1891. 

(Note. — It  is  probable  that  this  method  gives  the  best  results 
over  the  whole  range  at  temperatures  above  —  100°  C.  At  very 
low  temperatures  there  appear  to  be  singularities  in  the  resistance 
variation  of  metals  which  require  further  investigation.  The 
boiling-point  of  liquid  oxygen  would  be  a  more  convenient 
secondary  fixed  point  to  choose  for  low  temperature  research, 
especially  for  testing  thermometers  the  construction  of  which  did 
not  permit  their  exposure  to  a  temperature  as  high  as  that  of 
boiling  sulphur.) 

(4)  That   the   temperature   of  the   normal   boiling-point  of 
sulphur  under  a  pressure  of  760  mm.  of  mercury  reduced  to  0°  C., 
and  latitude  45°,  be  taken  for  the  purposes  of  the  British  Associa- 
tion scale  as  444'53°  C.,  as  determined  by  Callendar  and  Griffiths 
(loc.  cit),  with  a  constant  pressure  air-thermometer. 

(Note. — Until  the  relation  between  the  various  gas-thermometer 
scales,  and  the  expansion  of  glass  and  porcelain,  have  been  more 
accurately  determined,  it  does  not  appear  that  anything  would  be 
gained  by  changing  this  value  to  which  so  much  accurate  work 
has  already  been  referred.) 


APPENDIX  III. 

A  Comparison  of  Platinum  and  Gas  Thermometers  made  at  the 
International  Bureau  of  Weights  and  Measures  at  Sevres. 
By  Dr  P.  CHAPPUIS  and  Dr  J.  A.  HARKER. 

Professor  Callendar  in  1886  investigated  the  method  of 
measuring  temperature  based  on  the  determination  of  the  electrical 
resistance  of  a  platinum  wire. 

He  pointed  out  that  if  R0  denote  the  resistance  of  the  spiral  of 
a  particular  platinum  thermometer  at  0°,  and  ^  its  resistance  at 
100°,  we  may  establish  for  the  particular  wire  a  scale,  which  we 
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may  call  the  scale  of  platinum  temperatures,  such  that  if  R  be  the 
resistance    at    any    temperature    T°,   this    temperature    on   the 

~ry  ~T) 

platinum  scale  will  be  ^ -^  x  100  degrees.     For  this  quantity 

Callendar  employs  the  symbol  pt. 

In  order  to  reduce  to  the  standard  scale  of  temperature  the 
indications  of  any  platinum  thermometer,  it  is  necessary  to  know 
the  law  connecting  pt  and  T.  These  are  identical  at  0°  and  100°, 
but  the  determination  of  the  relationship  between  them  at  other 
temperatures  is  a  matter  for  experiment. 

The  work  of  Callendar  established  for  a  particular  sample  of 
platinum  the  relation 


100 

over  the  range  0°  to  600°,  T  being  measured  on  the  constant 
pressure  air-scale,  and  S  being  a  constant. 

Later  experiments  by  Callendar  and  Griffiths  showed  that  this 
relation  holds  for  platinum  wires  generally,  provided  that  they  are 
not  very  impure.  They  propose  that  the  value  of  S,  the  constant 
employed  in  the  formula,  should  be  determined  by  taking  the 
resistance  of  the  thermometer  in  the  vapour  of  sulphur,  and 
a  new  determination  by  them  of  the  boiling-point  of  this  substance, 
under  normal  pressure,  gave  444*53°  on  the  air-scale. 

The  present  communication  gives  a  short  account  of  some 
experiments  which  are  the  outcome  of  the  collaboration  of  the 
Kew  Observatory  Committee  and  the  authorities  of  the  Bureau 
International  des  Poids  et  Mesures  at  Sevres,  for  the  purpose  of 
carrying  out  a  comparison  of  some  platinum  thermometers  with  the 
recognised  International  Thermometric  Standards.  A  full  account 
of  the  work  will  shortly  appear  in  the  Philosophical  Transactions 
of  the  Royal  Society,  and  in  the  Travaux  et  Memoires  du  Bureau 
International  des  Poids  et  Mesures. 

A  new  specially  designed  resistance-box,  together  with  several 
platinum  thermometers,  and  the  other  accessories  needed,  were 
constructed  for  the  Kew  Committee,  and  after  their  working  had 
been  tested  at  the  Kew  Observatory,  they  were  set  up  at  the 
Sevres  Laboratory  in  August  1897.  The  resistance-box  in  its 
general  design  was  very  similar  to  the  one  previously  described 
before  this  Section  by  Mr  Griffiths,  but  the  plugs  were  replaced 
by  a  special  form  of  contact  maker,  and  the  coils  were  of  manganin 
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instead  of  platinum-silver.  The  methods  adopted  for  the  stan- 
dardisation of  the  apparatus  only  differed  in  a  few  details  from 
those  of  Callendar  and  Griffiths. 

The  comparisons  made  between  the  platinum  thermometers 
and  the  standards  of  the  Bureau  may  be  divided  into  several 
groups.  The  first  group  of  experiments  covers  the  range  (—  23° 
to  80°),  and  consists  of  a  large  number  of  comparisons  between 
each  platinum  thermometer  and  the  primary  mercury  standards 
of  the  Bureau,  whose  relation  to  the  normal  hydrogen  scale  had 
previously  been  studied  by  one  of  us. 

Above  80°  the  mercury  thermometers  were  replaced  by  a  gas  ther- 
mometer, constructed  for  measurements  up  to  high  temperatures. 

We  at  first  attempted  to  use  hydrogen  as  the  gas  for  these 
measurements,  but,  owing  probably  to  a  slow  chemical  action 
taking  place  between  the  gas  and  the  glass  reservoir  in  which  it 
was  enclosed,  we  were  afterwards  compelled  to  substitute  nitrogen, 
which  we  have  not  observed  to  exert  any  action  on  the  material 
of  the  envelope  up  to  a  full  red  heat. 

The  comparisons  between  80°  and  200°  were  made  in  a  vertical 
bath  of  stirred  oil,  heated  by  different  liquids  boiling  under 
varying  pressures.  For  work  above  200°  a  bath  of  mixed  nitrates 
of  potash  and  soda  was  substituted  for  the  oil  tank.  In  this  bath 
comparisons  of  the  two  principal  platinum  thermometers  with  the 
gas  thermometer  were  made  up  to  460°,  and  with  a  third  ther- 
mometer, which  was  provided  with  a  porcelain  tube,  we  were  able 
to  go  up  to  590°,  the  glass  reservoir  of  the  gas  thermometer  being 
replaced  by  one  of  porcelain,  whose  dilatation  had  previously  been 
measured  by  the  Fizeau  method.  Comparisons  of  the  platinum 
and  gas  scales  were  earned  out  at  over  150  different  points,  each 
comparison  consisting  of  either  ten  or  twenty  readings  of  the 
different  instruments. 

By  the  intermediary  of  the  platinum  thermometers  a  deter- 
mination of  the  boiling-point  of  sulphur  on  the  nitrogen  scale  was 
also  made.  Three  independent  sets  of  determinations  of  this  point 
gave  the  following  results  : — 

(1)  Platinum  thermometer  K.  9,  and  glass  gas  thermometer,  445-27°. 

(2)  „  „  K.  9,         porcelain  „  445-26°. 

(3)  „  „  K.  8,  „  „  445-29°. 

The  mean  of  these,  445*27°,  representing  the  temperature  on 
the  scale  of  the  constant  volume  nitrogen  thermometer,  differs 
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by  only  0'7°  from  that  found  by  Callendar  and  Griffiths  for  the 
same  temperature  expressed  on  the  constant  pressure  air-scale. 
If,  for  the  reduction  of  the  platinum  temperatures  in  our 
comparisons,  we  adopt  the  parabolic  formula,  and  the  value  of 
8  obtained  by  assuming  our  new  number  for  the  sulphur  point,  we 
find  that  below  100°  the  differences  between  the  observed  values 
on  the  nitrogen  scale  and  those  deduced  from  the  platinum 
thermometer  are  very  small,  seldom  exceeding  0*01°,  and  that 
even  at  the  highest  temperatures  the  difference  only  amounts  to 
a  few  tenths  of  a  degree. 


APPENDIX  IV. 

On  the  Expansion  of  Porcelain  with  Rise  of  Temperature. 
By  T.  G.  BEDFORD,  B.A.,  Cambridge. 

In  direct  comparisons  of  the  scales  of  temperature  given  by  air 
and  by  platinum-resistance  thermometers  at  high  temperatures, 
the  expansion  of  the  porcelain  envelope  enters  as  a  small 
correction. 

In  the  experiments  described  in  this  paper,  a  direct  deter- 
mination of  the  linear  expansion  of  porcelain  was  made  at 
temperatures  from  0°  C.  to  830°  C.  The  method  used  was 
essentially  the  same  as  that  described  by  Callendar  (Phil.  Trans. 
1887,  A,  p.  167). 

On  a  tube  of  Bayeux  porcelain  two  fine  transverse  marks  were 
made  at  a  distance  about  91*3  cm.  apart.  The  tube  was  heated  to 
as  high  a  temperature  as  possible  in  a  gas  furnace,  and  was  then 
slowly  cooled  by  diminishing  the  gas  supply.  During  cooling  the 
variation  in  the  distance  between  the  marks  was  determined  by 
a  pair  of  reading  microscopes  which  were  mounted  on  stone  blocks 
and  not  touched  during  an  experiment  except  by  the  screw-head. 
The  readings  of  the  microscopes  for  a  standard  length  (a  glass 
tube  kept  in  melting  ice)  were  taken  at  intervals. 

The  temperatures  corresponding  to  the  length  measurements 
were  deduced  from  the  resistance  of  a  platinum  wire  running  from 
mark  to  mark  in  the  axis  of  the  tube  and  supported  on  a  plate  of 
mica.  The  resistances  in  ice  and  steam  were  taken  after  each 
exposure  to  a  high  temperature.  The  sample  of  platinum  wire 
from  which  the  piece  used  in  these  experiments  was  cut  is  known 
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to  have  a  value  of  8,  in  Callendar's  formula,  from  1*50  to  1*51. 
The  value  8  =  1*505  was  used,  and  thus  a  direct  determination  of 
the  resistance  at  the  temperature  of  boiling  sulphur  was  avoided. 
An  error  of  '01  in  8  causes  an  error  of  less  than  1°  in  the  calculated 
value  of  t  at  1000°C. 

Four  main  experiments  were  made  and  the  results  were 
plotted. 

From  0°  C.  to  600°  C.  the  results  are  represented  fairly  well 
by  the  formula 

4  =  10  (1  +  34-25  x  10-7 1  + 107  x  10~10 12). 

Above  600°  C.  the  points  are  more  erratic,  but  still  do  not  depart 
far  on  either  side  from  the  curve  given  by  the  above  formula. 

A  length  of  about  6  cm.  at  either  end  of  the  tube  was  not 
directly  heated  by  the  furnace.  Hence  there  is  an  uncertainty 
due  to  the  ends  (greater  at  the  higher  temperatures),  since  the 
coefficient  of  expansion  varies  with  the  temperature. 

For  cubical  expansion  the  above  formula  gives 

vt  =  vl  +  10275  x  10-7£-f  32-4  x  lO'1 
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APPENDIX.  —  Note  on  an  Improved  Resistance  Coil.     By 

ROBERT  S.  WHIPPLE      ......    p.  604 

DURING  the  year  the  resistance  coils  and  other  apparatus 
belonging  to  the  Committee  have  been  removed  to  Richmond. 
Most  of  the  apparatus  has  been  set  up  in  an  outbuilding  attached 
to  the  Kew  Observatory,  which  has  been  fitted  by  the  Committee 
of  the  National  Physical  Laboratory  as  a  temporary  laboratory. 

It  is  interesting  to  note  that  the  case  containing  the  original 
coils  of  the  Association  bears  the  words,  "  To  be  deposited  at  Kew." 
After  many  wanderings  the  coils  have  at  last  returned  to  their 
home. 

The  Sub-Committee  on  Platinum  Thermometry  held  a  meeting 
in  the  spring,  and  agreed  to  the  following  resolutions  :  — 

(i)  That  a  particular  sample  of  platinum  wire  be  selected, 
and  platinum  thermometers  be  constructed  therefrom  to  serve  as 
standards  for  the  measurement  of  high  temperature. 

(ii)  That  Mr  Glazebrook  and  Professor  Callendar  be  requested 
to  consider  the  details  of  the  selection  of  wires  and  construction 
of  thermometers  for  the  above  purpose,  and  to  consult  with 
Mr  Matthey,  who  kindly  consented  to  give  his  assistance. 

Since  then  Mr  Matthey  has  supplied  the  Sub-Committee  with 
two  specimens  of  very  pure  platinum.  Portions  of  these  have  been 
made  into  thermometers  and  tested  at  the  National  Physical 
Laboratory,  with  the  following  results,  R0  being  the  resistance  at 
0°  and  Rlw  at  100°,  while  8  is  the  coefficient  occurring  in  Callendar's 
difference  formula  :  — 


Wire  1     .     .     1-3883     .     .     1'493 
„     2     .     .     1-3884     .     .     1-498 

The  question  of  the  selection  of  a  wire  for  the  construction  of 
the  standards  is  still  under  the  consideration  of  the  Committee. 


PRACTICAL  STANDARDS  FOR  ELECTRICAL  MEASUREMENTS      603 

During  the  summer  a  very  full  comparison  has  been  made  of  the 
unit  resistance  coils  of  the  Association,  and  the  opportunity  has  been 
taken  of  comparing  these  with  some  coils  belonging  to  the  Board  of 
Trade,  and  with  others  which  have  recently  been  obtained  from  the 
Reichsanstalt.  The  coils  were  also  compared  with  one  of  the  mercury 
resistance  tubes  prepared  by  M.  Benoit  in  1885,  and  which  has  been 
in  the  care  of  the  Secretary  since  that  date. 

The  results  have  not  yet  been  completely  worked  out,  and 
publication  is,  therefore,  necessarily  deferred.  Moreover,  the 
temperature  during  July  was  very  high,  so  that  the  mean 
temperature  of  the  observations  is  much  above  that  at  which 
previous  comparisons  have  been  made.  For  the  purpose,  there- 
fore, of  connecting  these  results  with  the  past  it  will  be  desirable 
to  make  some  further  observations  in  the  autumn. 

It  seemed  desirable  to  set  up  some  mercury  resistance  tubes  in 
England,  with  a  view  of  keeping  a  check  on  the  variations  of  the 
wire  standards. 

Preparations  have  been  made  for  this.  A  number  of  selected 
tubes  of  "  verre  dur  "  have  been  obtained,  with  the  kind  assistance 
of  the  officials  of  the  Bureau  International,  from  M.  Baudin,  while 
other  tubes  of  Jena  glass  have  been  procured  from  Schott  &  Co. 
Steps  are  being  taken  to  have  some  of  the  best  of  these  calibrated. 

Some  advance  has  been  made  during  the  year  with  the  con- 
struction of  the  Ampere  Balance.  The  Committee  greatly  regret 
the  serious  illness  of  Prof.  J.  V.  Jones,  which  has  prevented  more 
rapid  progress.  The  stand  for  raising  and  lowering  the  outer  coils 
has  been  completed.  Thanks  to  the  generosity  of  Sir  A.  Noble,  the 
cost  of  this,  estimated  at  about  £100,  has  been  saved  the  Committee. 

During  the  spring  the  Secretary,  as  Director  of  the  National 
Physical  Laboratory,  visited  the  Bureau  International  at  Paris  and 
the  Reichsanstalt  at  Berlin.  The  Committee  are  glad  to  put  on 
record  their  appreciation  of  the  great  courtesy  and  kindness  with 
which  he  was  received  by  President  Kohlrausch,  M.  Benoit,  and 
the  other  officials  connected  with  those  institutions. 

The  Committee  are  informed  that  at  the  recent  International 
Electrical  Congress  at  Paris  the  'two  following  resolutions  were 
unanimously  adopted  by  Section  L,  and  confirmed  by  the  Congress 
and  by  the  Chamber  of  Government  Delegates : — 

1.  The  Section  recommends  the  adoption  of  the  name  of  Gauss 
for  the  c.G.s.  unit  of  magnetic  field. 
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2.  The  Section  recommends  the  adoption  of  the  name  of 
Maxwell  for  the  c.G.s.  unit  of  magnetic  flux. 

The  question  of  giving  names  to  the  units  of  magnetic  force 
and  flux  has  been  before  the  Committee  on  several  occasions.  The 
Committee  therefore  were  in  a  position  to  welcome  cordially  these 
resolutions,  and  at  their  last  meeting  agreed  unanimously  to  a 
resolution  adopting  the  two  names  selected  by  the  Paris  Congress. 

Of  the  sum  of  £25  voted  last  year,  £13.  7s.  7d.  has  been 
expended  on  material  for  the  new  platinum  thermometers  and  on 
the  transport  of  the  apparatus  from  Liverpool  to  Richmond.  If 
the  plan  of  constructing  standards  for  platinum  thermometers  is 
adopted,  it  will  be  necessary  to  purchase  a  large  stock  of  suitable 
wire,  the  whole  of  which  should  be  made  at  the  same  time.  For 
this  a  considerable  expenditure  will  be  required ;  there  will  also  be 
incidental  expenses  connected  with  the  making  and  standardising 
of  the  thermometers.  For  these  purposes  the  Committee  ask  for 
a  grant  of  £75. 

The  Committee  therefore  recommend  that  they  be  reappointed, 
with  a  grant  of  £75,  and  that  Lord  Rayleigh  be  Chairman  and 
Mr  R.  T.  Glazebrook  Secretary. 


APPENDIX. 

Note  on  an  Improved  Standard  Resistance  Coil. 
By  ROBERT  S.  WHIPPLE. 

The  coil  in  question  consists  of  a  bare  wire  wound  on  a  mica 
frame. 

The  form  of  coil  possesses  the  following  advantage  over  the 
ordinary  resistance  coil : — (1)  The  coils  can  be  annealed  to  a  dull 
red  heat  in  situ,  thus  relieving  the  wire  of  any  strain  caused  by 
the  winding.  (2)  The  heating  of  a  wire  immersed  in  oil  is  less 
than  one  silk-covered  and  varnished.  (3)  The  temperature  of  the 
wire  can  be  accurately  determined  by  means  of  a  thermometer 
placed  in  the  oil  surrounding  the  wire.  German  physicists  have 
adopted  a  form  of  coil  in  which  the  wire  is  silk-covered  and 
varnished  and  then  placed  in  a  metal  case  perforated  with  holes. 
The  whole  coil  is  placed  in  an  oil  bath  when  in  use.  This  form  of 
coil  is  open  to  the  objection  that  it  cannot  be  annealed  above 
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140°  C.  without  causing  injury  to  the  silk  covering  on  the  win-, 
and  there  is  a  certain  amount  of  lag  in  the  oil  obtaining  the 
temperature  of  the  coil. 

By  request  of  the  Electrical  Standards  Department  of  the 
Board  of  Trade  the  Scientific  Instrument  Co.,  Cambridge,  have 
designed  and  made  two  standard  1-ohm  coils  the  wires  of  which 
are  bare  and  immersed  in  oil;  a  modification  suggested  by  Mr 
Horace  Darwin  was  also  fitted  for  obtaining  the  temperature  of 
the  coils.  The  coils  proper  consist  of  0'035  in.  PtAg  wire  wound 
on  mica  frames,  the  ends  of  the  wires  being  attached  to  stout 
copper  terminals  in  the  usual  manner.  A  0"08  in.  platinum  wire 
is  wound  alternately  with  the  platinum-silver  wire,  and  is  attached 
similarly  to  stout  copper  leads.  Both  coils  are  adjusted  to  a  resist- 
ance of  1  ohm  at  15'5°  C.  Owing  to  the  difference  in  the  tempera- 
ture coefficient  of  the  two  wires  (PtAg  0'00024,  Pt  0*00350),  a 
small  change  in  the  temperature  of  the  coil  causes  a  comparatively 
large  difference  between  the  resistances  of  the  two  coils.  This 
difference  being  known,  the  temperatures  in  degrees  Centigrade 
are  given  by  the  adjoined  table.  The  table  is  calculated  from  the 
difference  in  the  temperature  coefficients  of  the  two  wires 

0-00350  -  0-00024  =  0-00326 
for  1°  C. 


Temperature  of  Difference  in  resistance 

standard  coil  of  the  coils 

10-0°C.        ...         .........  -0-01793. 

11-0°  C  .............  0-01467      Platinum  coil  having  a 

11-9°C  .............  0'0114ll           lower      resistance 

13-0°C  .............  OO0815  f          than  the  platinum- 

14'0°C  .............  0-00489             silver  coil. 

15-0°  C.       ...         .........  -0-00163/ 

15-5°C  .............  0-00000 


coil  bavng  a 

ift.n°P 

IS™ 

20-0°  C  .............     +  0-01467 

As  the  temperature  coefficient  of  platinum  is  about  fifteen 
times  as  great  as  that  of  platinum-silver,  the  resistance  of  this  coil 
may  be  measured  to  one  significant  figure  less  than  the  standard 
coil  without  affecting  the  value  for  the  temperature  of  this  coil 
In  measuring  small  resistances  the  determination  of  the  last  figure 
to  O'OOOOl  ohm  requires  considerable  care,  and  the  advantage  of 
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not  being  compelled  to  measure  to  such  a  high  degree  of  accuracy 
is  apparent.  The  two  wires  being  wound  on  the  same  frame 
alternately  with  each  other  and  immersed  in  oil  are  at  the  same 
mean  temperature.  Any  temperature  gradient  in  the  oil  influences 
both  wires  similarly,  thus  doing  away  with  the  necessity  of  a 
stirrer.  The  platinum  wire  is  also  useful  for  testing  the  insulation 
of  the  windings  of  the  PtAg  coil  one  from  the  other.  The  coils 
are  placed  in  a  glass  vessel  in  order  that  the  behaviour  of  the 
insulating  oil  with  time  may  be  studied. 
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APPENDIX. — Note  on  a  Comparison  of  the  Silver  deposited  in  Voltameters 

containing  different  Solvents.     By  S.  SKINNER         .        .        .        .p.  608 

DURING  the  year  a  number  of  comparisons  have  been  made  at 
the  Kew  Observatory  among  the  standard  coils  of  the  Association. 
The  temperature  conditions,  however,  in  the  temporary  laboratory 
are  not  sufficiently  satisfactory  to  make  it  desirable  to  report  fully 
on  the  results ;  it  is  perhaps  sufficient  to  say  that  no  evidence  of 
any  very  marked  change  in  the  relative  values  has  shown  itself. 
It  is  hoped  that  the  coils  and  other  apparatus  will  be  moved  to 
Bushy  House  during  the  autumn. 

In  the  room  which  has  been  planned  for  their  reception 
arrangements  will  be  at  hand  for  controlling  the  temperature,  and 
the  work  of  inter-comparison  and  control  of  the  standards  can  go 
on  as  in  former  years  at  Cambridge. 

Meanwhile  some  progress  has  been  made  in  the  preparations 
for  the  construction  of  mercury  standards.  A  number  of  tubes  of 
"  verre  dur "  have  been  examined,  and  some  of  these  have  been 
calibrated ;  when  the  apparatus  is  set  up  at  Bushy  House  this  work 
will  go  forward  rapidly.  There  has  also  been  during  the  year  some 
demand  for  the  issue  of  standards  of  capacity :  this  it  has  not  been 
possible  to  comply  with,  but  the  air  condensers  will  be  set  up 
again  as  soon  as  possible,  and  then  capacity  tests  can  be  made. 

With  regard  to  platinum  thermometry,  Mr  Matthey  supplied 
the  Committee  with  a  further  specimen  of  wire,  for  which  he  had 
made  a  large  stock.  This  was  tested  carefully,  both  at  Kew  and 
under  Mr  Griffiths's  directions,  by  Mr  Green  at  Cambridge,  and  the 
values  for  the  constants  were  as  under : — 
Rm/R0  =  1-3892, 

8  =1-495  +  -005. 

The  wire  has  proved  in  every  way  satisfactory,  and  the  money 
voted  to  this  Committee  last  year  (£45)  has  been  spent  in  pur- 
chasing it. 
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Mr  Matthey,  however,  is  retaining. for  the  present,  for  the  use 
of  the  Committee,  some  more  of  the  wire,  and  it  is,  in  their 
opinion,  desirable  that  they  should  purchase  it  also.  It  is  essential 
for  the  success  of  the  scheme  approved  by  the  Committee  at  their 
last  meeting  that  they  should  have  a  sufficient  stock  of  the  wire  for 
a  very  long  period,  and  they  are  anxious  not  to  lose  the  present 
opportunity  of  acquiring  such  a  stock. 

Expense  will  also  be  incurred  in  the  preparation  of  the  mercury 
standards. 

The  illness  and  death  during  the  year  of  Professor  J.  Viriamu 
Jones  have  prevented  any  great  progress  being  made  with  the 
ampere  balance.  Some  part  of  the  apparatus,  however,  has  been 
constructed,  and  is  in  Professor  Ayrton's  hands,  and  the  Committee 
have  good  hopes  that  further  progress  may  be  reported  shortly. 

The  Committee  desire  to  put  on  record  their  sense  of  the  loss 
which  Physical  Science  has  suffered  by  the  deaths  of  Professors 
J.  V.  Jones  and  G.  F.  FitzGerald,  who  for  many  years  had  been 
members  of  the  Committee,  and  had  contributed  in  a  marked 
degree  to  its  work ;  and  by  that  of  Professor  Rowland,  whose  re- 
cletermination  of  the  absolute  value  of  the  B.A.  unit  was  practically 
the  starting-point  of  the  work  of  the  present  Committee.  Pro- 
fessor Rowland  had  on  more  than  one  occasion  been  a  valued 
visitor  at  meetings  of  the  Committee. 

A  paper  by  Mr  Skinner  on  a  pyridine  voltameter  is  printed  as 
an  appendix.  Professor  Callendar's  paper  on  the  variation  of  the 
specific  heat  of  water  is  closely  connected  with  the  work  of  the 
Committee. 

In  conclusion,  the  Committee  recommend  that  they  be  re- 
appointed,  with  a  grant  of  £50 ;  that  Lord  Rayleigh  be  Chairman, 
and  Mr  R.  T.  Glazebrook  Secretary. 

APPENDIX. 

Note  on  a  Comparison  of  the  Silver  deposited  in  Voltameters 
containing  different  Solvents.  By  S.  SKINNER,  M.A.,  Demonstrator 
of  Experimental  Physics,  Cambridge. 

In  1892  Schuster  and  Crossley*  showed  that  when  the  same 
current  is  passed  through  two  silver  voltameters  containing  silver 
nitrate  in  aqueous  solution,  one  voltameter  in  a  vacuum  and  the 

*  Proc.  R.  S.  L.  p.  344. 


FOR   ELECTRICAL   MEASUREMENTS  609 

other  in  air,  about  O'l  per  cent,  more  silver  was  deposited  in  the 
vacuum  than  in  air.  This  result  was  confirmed  by  Myers*.  These 
results  clearly  prove  that  there  is  an  uncertainty  in  the  action  of 
the  silver  voltameter  depending  on  the  presence  of  air  or  oxygen, 
and  consequently  on  the  freshness  of  the  solution.  Werner-f-  found 
that  a  silver  nitrate  solution  in  pyridine  gives  by  the  rise  in  the 
boiling-point  of  the  solvent  a  nearly  normal  molecular  weight  for 
the  salt ;  and  Kahlenberg J  found  that  the  solution  was  an  electro- 
lyte, and  could  be  used  in  the  silver  voltameter ;  but  that,  contrary 
to  what  follows,  more  silver  was  deposited  from  aqueous  solution 
than  from  pyridine  solution  by  the  same  current.  In  the  following 
experiments  a  comparison  has  been  made  of  the  deposits  produced 
by  the  same  current  in  silver  voltameters  containing  aqueous  and 
pyridine  solutions  of  silver  nitrate. 

The  platinum  bowls  used  are  those  numbered  I.  and  V.  in  the 
paper  on  the  Measurement  of  the  Electromotive  Force  of  the  Clark 
Cell  §  by  Mr  Glazebrook  and  myself.  The  anode  for  bowl  I.  was  a 
silver  disc,  5  cm.  in  diameter,  hung  by  a  silver  rod,  and  a  silver 
cylinder  was  used  for  bowl  V.  The  dimensions  of  the  bowls  are 
given  in  the  paper  mentioned  above.  100  c.c.  of  solution  was  used 
in  each  case,  and  the  pyridine  solution  contained  10  per  cent,  of 
silver  nitrate,  whilst  the  aqueous  solution  contained,  as  usual, 
15  per  cent,  of  the  salt. 

The   areas   of  the   exposed   surfaces   were   approximately   as 

follows : — 

Bowl  I.  Bowl  V. 

Cathode  surface        75    sq.  cm.  67  sq.  cm. 

Anode  surface  19*6  sq.  cm.  18  sq.  cm. 

The  conditions  of  current  density  in  the  two  bowls  may  be 
regarded  as  practically  identical. 

The  deposit  of  silver  from  the  aqueous  solution  was  crystalline, 
and  the  character  of  the  crystals  appeared  to  vary  with  the  current 
density.  The  deposit  was  washed  by  standing  in  distilled  water 
for  several  hours  and  dried  over  an  alcohol  flame.  The  deposit 
from  the  pyridine  solution  is  continuous,  and  forms  a  hard  coating : 
it  is  washed  Avith  water  in  which  both  pyridine  and  silver  nitrate 
are  soluble.  It  is  sometimes  slightly  coloured,  but  on  drying 
becomes  white.  On  further  heating  over  the  alcohol  flame  it 

*  Annalen,  55,  p.  288.  t  Zeits.  Anorg.  Chem.  1897,  15,  p.  23. 

t  Journ.  Physical  Chem.  1900,  p.  349.  §  Phil.  Trans.  1892,  A. 

B.  A.  39 
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develops    a    pearly   lustre,   and    in    this   condition   it   has   been 
weighed. 

A  Weston  ampere  meter  was  included  in  the  same  circuit,  and 
served  to  indicate  the  constancy  of  the  current.  The  reading  of 
the  ampere  meter  is  given  in  the  second  column  of  the  table.  The 
variations  of  the  current  were  very  small.  In  the  table  the  result 
of  every  experiment  which  I  have  made  is  given. 


Current 

Weight  de- 

Weight de- 

Difference 

Per- 

Date 

Weston 

posited  from 
Pyridine 

posited  from 
Aqueous 

in 
Milli- 

centage 
Dif- 

Notes 

Meter 

Solution 

Solution 

grammes 

ference 

Aug.  15 

0-07 

•8115 

•8105 

1-0 

•124 

„      16 

0-075 

•8695 

•8685 

1-0 

•115 

„      I* 

0-13 

1-2665 

1-2625 

4-0 

•318 

w 

„       8 

0-253 

•7865 

•7820 

4-5 

•575 

»      21 

0-255 

2-2795 

2-2730 

6-5 

•30 

,       6 

0-368 

1-1390 

1-1340 

5-0 

•44 

,      12 

0-375 

•9630 

•9600 

3-0 

•41 

(*) 

,      10 

0-415 

1-4225 

1-4200 

2-5 

•276 

to 

,      19      0-52 

2-0010 

1-9982 

2-8 

•14 

,     20      1-00 

2-0180 

2-0155 

2-5 

•12 

Total  deposits 

13-5570 

13-5242 

32-8 

•24 

(a)  and  (6). — In  these  two  experiments  the  aqueous  solution  was  in  a  partial 
vacuum  (8  cm.  pressure),  and  '1  per  cent,  has  been  added  to  the  percentage 
difference  to  make  them  comparable  with  the  other  experiments. 

(c). — Fresh  solutions  were  used  in  this  experiment,  and  the  same  solutions 
were  used  on  all  subsequent  dates.  A  few  particles  of  silver  were  lost  from  the 
aqueous  voltameter  in  this  experiment,  August  14. 

The  first  result  of  these  experiments  is  clearly  that  all  the 
deposits  from  the  pyridine  solutions  weigh  more  than  those  from 
the  aqueous  solutions. 

In  the  measurements  of  the  E.M.F.  of  the  Clark  cell  by  Mr 
Glazebrook  and  myself  the  same  current  was  sent  through  two 
systems  of  silver  voltameters  in  series,  and  15*5123  grammes  were 
deposited  in  the  bowls  which  received  the  greater  deposits,  as 
against  15'5055  grammes  in  those  which  gained  the  smaller 
deposits.  This  gives  a  mean  percentage  difference  of  '044,  which 
may  be  compared  with  the  mean  percentage  difference  of  -24  in 
the  present  experiments.  It  is  obvious  that  this  difference  is  of 
a  much  higher  order,  but  this  difference  is  a  mean  of  experiments 
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which  differ  much  more  between  themselves.  On  that  account 
I  think  it  is  better  to  discuss  the  experiments  in  groups.  The 
experiments  divide  themselves  roughly  into  two  groups.  There  is, 
first,  a  group  consisting  of  those  in  which  the  current  was  about 
•07  ampere  and  from  '5  to  1  ampere.  This  contains  the  extremes 
as  regards  current,  and  in  it  the  mean  percentage  difference  would 
be  just  over  '1  per  cent.  So  that  for  these  values  of  current  the 
deposit  from  pyridine  would  weigh  almost  the  same  as  Schuster 
and  Crossley  found  for  a  vacuum,  which,  it  will  be  remembered, 
was  '1  per  cent,  higher  than  in  air. 

The  second  group  consists  of  those  experiments  in  which  the 
current  value  lies  between  -13  and  '41  ampere,  and  here  the  mean 
percentage  difference  is  much  larger,  i.e.  '38.  Over  this  range 
one  of  the  deposits  seems  to  be  uncertain,  and  I  think  these 
experiments  may  be  considered  to  indicate  that  between  these 
values  of  current  in  the  given  bowls  one  of  the  two  voltameters 
is  irregular  in  its  action.  The  character  of  the  silver  crystals 
appeared  to  be  variable,  whilst  the  hard  film  of  silver  from  the 
pyridine  solution  had  always  the  same  texture.  The  aqueous 
voltameter  seemed  to  work  best  with  the  large  currents  '5  to  1 
ampere  when  the  crystals  were  small,  hard,  and  closely  packed. 
At  the  lower  values  of  current  the  silver  crystals  were  thin,  long, 
and  friable.  At  the  lowest  value  they  were  again  small  and  hard. 
One  explanation  of  the  variation  may  be  that  particles  of  silver  are 
more  easily  lost  during  the  washing,  when  the  crystals  are  of  the 
second  character. 

Conclusions : — 

(1)  That  Faraday's  law  holds  to  within  '24  per  cent,  in  the 
mean  for  silver  nitrate  when  dissolved  in  two  different  solvents. 

(2)  That  for  current  values  of  '07   and  '5  to  1  ampere  in 
the  given  bowls  the  amount  of  silver  deposited  from  a  pyridine 
solution  of  silver  nitrate  is  nearly  the  same  as  that  deposited  from 
an  aqueous  solution  in  a  vacuum. 

(3)  That  for  current  values  between  *1  and  *5  ampere  more 
silver  is  obtained  in  the  pyridine  voltameter  than  in  the  aqueous 
voltameter. 
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DURING  the  past  year  the  apparatus  belonging  to  the  Association 
has  been  removed  to  and  set  up  at  the  National  Physical  Labora- 
tory at  Bushy  House.  A  room  in  the  basement  has  been  fitted 
for  accurate  resistance  work.  By  means  of  a  thermostat  the 
temperature  can  be  kept  under  very  complete  control,  and  the 
room  has  proved  very  suitable  for  its  purpose.  In  it  the  resistance 
standards  of  the  Association  have  been  set  up,  and  a  number 
of  comparisons  have  been  made  by  Mr  F.  E.  Smith.  Particulars 
as  to  the  results  of  these  comparisons  can  best  be  given  at  a  later 
date,  when  the  mercury  standards  now  in  course  of  construction 
have  been  set  up. 

The  work  of  setting  up  these  mercury  standards  of  resistance 
has  been  further  advanced.  A  number  of  tubes,  both  of  verre  dur 
and  of  Jena  glass,  16'",  have  been  calibrated  by  Mr  Smith.  When 
the  final  corrections  to  the  weights  used  have  been  obtained  from 
the  Bureau  International  it  will  be  possible  to  complete  these  and 
to  determine  the  values  of  the  platinum-silver  and  manganin 
standards  in  terms  of  the  mercury  unit. 

From  the  resistance-room  a  cellar — formerly  the  wine-cellar  of 
Bushy  House — opens,  and  in  it  work  requiring  an  extreme 
constancy  of  temperature  can  be  carried  on. 

In  this  room  Mr  Smith  has  set  up  a  number  both  of  Clark 
and  also  of  Weston  cells,  and  comparisons  between  these  have 
been  carried  on  systematically. 

Discrepancies  of  a  considerable  amount  have  been  found 
between  cells  set  up  in  the  same  manner,  but  from  materials 
supplied  by  various  makers,  and  these  have  been  traced  to  the 
mercurous  sulphate.  The  observers  at  the  Reichsanstalt  have 
come  to  a  similar  conclusion*.  Dr  Carpenter  and  Mr  Smith  are 

*  ThatigJceit  der  Phys.-Tech.-Reichsanstalt,  1901-1902. 
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now  engaged  in  experiments  at  the  National  Physical  Laboratory, 
the  results  of  which,  it  is  hoped,  will  enable  them  to  specify  a 
method  of  preparing  mercurous  sulphate  which  will  lead  to 
consistent  results  for  the  E.M.F.  of  the  cells. 

The  air-condensers  belonging  to  the  Committee  have  been  set 
up,  and  a  number  of  determinations  of  their  capacity  have  been 
made  by  Mr  Campbell.  The  results  of  these,  though  at  present 
they  are  only  to  be  treated  as  provisional,  show  that  the  condensers 
are  in  good  order,  and  have  suffered  no  damage  by  their  journeys 
first  to  Liverpool  and  then  to  Richmond.  The  capacity  of  one 
is  nearly  the  same  as  when  at  Cambridge;  that  of  the  other 
has  altered  very  slightly.  With  a  view  of  establishing  a 
standard  of  capacity  a  number  of  other  comparisons  between 
the  standards  of  the  Association  and  those  of  Dr  Muirhead  are 
in  progress. 

In  this  comparison  work  some  difficulty  has  arisen  from  the 
fact  that  all  the  resistance  boxes  belonging  to  the  Association 
are  of  platinum-silver.  The  small  temperature  coefficient  of 
manganin  gives  that  material  a  very  distinct  advantage,  and  the 
Secretary  has  been  endeavouring  to  use  it  whenever  possible. 
It  would  be  of  great  service  for  this  part  of  the  work  to  have 
a  subdivided  megohm  box  in  manganin,  and  the  Committee 
trust  that  funds  for  this  may  be  forthcoming.  They  hope  in 
their  next  report  to  give  a  detailed  account  of  the  condenser 
experiments. 

The  construction  of  platinum  thermometers  as  standards  for 
high  temperature  thermometry  has  made  some  progress.  The 
National  Physical  Laboratory  was  not  opened  until  March,  and 
the  work  of  setting  up  the  apparatus,  carrying  out  the  necessary 
calibrations,  etc.,  has  occupied  most  of  the  time  of  the  assistants 
since  then. 

After  some  further  experiments,  however,  to  test  the  purity  of 
the  wire  it  was  proposed  to  use  had  been  earned  out,  a  stock 
of  eight  ounces  of  wire  of  the  highest  purity  and  of  a  thickness 
varying  from  six  to  eight  mils  has  been  bought  from  Messrs 
Johnson  &  Matthey,  while  four  ounces  of  the  same  wire,  but  of 
twenty-two  mils  in  thickness,  suitable  for  leads  or  for  drawing 
down  to  special  sizes,  have  also  been  secured;  and  six  thermometers 
are  in  course  of  construction  in  the  workshops  of  the  Laboratory 
under  Dr  Barker's  supervision. 
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Of  these  six  thermometers  two  of  five  ohms  fundamental 
interval  will  be  hermetically  sealed  in  glass  tubes,  and  will  serve 
as  standards  for  low-temperature  work;  a  second  pair,  having  an 
interval  of  one  ohm,  in  tubes  of  hard  glass — probably  Jena — 
59"' — will  serve  for  temperatures  up  to  550°  C.,  while  the  third 
pair,  also  of  one  ohm  interval,  in  porcelain  tubes,  will  be  employed 
up  to  1100°  or  1200°  C.  It  is  hoped  by  the  use  of  quartz  to 
extend  the  range  of  temperature  considerably,  and  some  experi- 
ments are  in  progress  with  this  object. 

Two  electrical  resistance  ovens  have  been  built  by  Dr  Harker 
for  high-temperature  work,  and  these  serve  their  purpose 
admirably. 

The  grants  voted  during  the  past  two  years  have  been 
expended  on  the  purchase  of  the  materials  for  the  platinum 
thermometers,  and  additional  sums  are  necessary  to  complete 
their  manufacture. 

With  regard  to  the  construction  of  the  ampere  balance  the 
Committee  are  sorry  that  they  cannot  report  progress ;  they  have 
learnt  with  extreme  regret  of  Professor  Ayrton's  ill-health  during 
part  of  the  year,  but  are  glad  to  know  that  he  believes  he  will 
be  able  to  continue  his  investigations  into  this  important 
question,  and  they  have  therefore  reason  to  hope  the  matter  will 
be  advanced. 

In  this  work  the  late  Principal  Viriamu  Jones  was  closely 
associated  with  Professor  Ayrton,  and  it  is  a  source  of  great 
pleasure  to  the  Committee  to  know  that,  through  the  generosity 
of  the  Drapers'  Company,  his  name  and  connexion  with  Electrical 
Measurements  will  be  perpetuated  at  the  National  Physical 
Laboratory.  The  Company  had  promised  to  Principal  Jones  the 
funds  for  the  construction  of  an  improved  Lorenz  apparatus  for 
the  determination  of  the  ohm,  and  they  have  intimated  to  the 
Committee  of  the  Laboratory  their  intention  to  place  £700  at  the 
Executive  Committee's  disposal  for  the  construction  of  such  an 
apparatus  in  his  memory  under  the  superintendence  of  Professor 
Ayrton  and  the  Director  of  the  National  Physical  Laboratory. 
The  Secretary  states  that  steps  have  already  been  taken  to  obtain 
designs  for  the  instrument. 

At  the  Meeting  in  Belfast  Sir  William  Preece  drew  the 
attention  of  the  Committee  to  the  work  of  the  Standardisation 
Committee  of  the  Engineering  Societies,  and  expressed  the  hope 
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that  in  his  capacity  as  chairman  of  the  electrical  branch  of  that 
committee  he  might  have  the  assistance  of  the  Electrical  Standards 
Committee.  The  Secretary  was  instructed  to  afford  all  the 
assistance  in  his  power. 

Reference  was  also  made  to  the  definition  of  the  unit  of  heat, 
and  the  Secretary  was  requested,  with  the  assistance  of  Mr  Griffiths, 
to  draw  up  an  Appendix  to  the  Report  dealing  with  this.  The 
Committee  expressed  the  strong  hope  that  any  unit  of  heat 
formally  accepted  by  engineers  should  be  based  on  the  C.G.S. 
system  of  units. 

In  conclusion  the  Committee  recommend  that  they  be  re- 
appointed,  with  a  grant  of  £75,  to  be  used  for  the  establishment 
of  a  standard  of  capacity  and  for  the  construction  of  standard 
platinum  thermometers;  that  Lord  Rayleigh  be  Chairman  and 
Mr  R.  T.  Glazebrook  Secretary. 


APPENDIX. 

On  the  Definition  of  the  Unit  of  Heat. 

The  question  of  the  definition  of  the  unit  of  heat  has  been 
before  the  Committee  on  various  occasions. 

In  1896,  at  the  Liverpool  Meeting,  after  an  exhaustive 
discussion  and  the  consideration  of  letters  from  scientific  men  in 
all  parts  of  the  world,  the  following  propositions  were  provisionally 
approved : — 

Proposition  I. — For  many  purposes  heat  is  most  conveniently 
measured  in  units  of  energy,  and  the  theoretical  C.G.s.  unit  of 
heat  is  one  erg.  The  name  "joule"  has  been  given  by  the 
Electrical  Standards  Committee  to  107  ergs. 

For  many  practical  purposes  heat  will  continue  to  be  measured 
in  terms  of  the  heat  required  to  raise  a  measured  mass  of  water 
through  a  definite  range  of  temperature. 

If  the  mass  of  water  be  one  gramme,  and  the  range  of 
temperature  1°  C.  of  the  hydrogen  thermometer  from  9*5°  C.  to 
10'5C  C.  of  the  scale  of  that  thermometer,  then,  according  to  the 
best  of  the  existing  determinations,  the  amount  of  heat  required 
is  4*2  joules. 

It  will  therefore  be  convenient  to  fix  upon  this  number  of 
joules  as  a  secondary  unit  of  heat. 
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This  secondary  thermal  unit  may  be  called  a  "calorie." 

For  the  present  a  second  proposition  is — 

Proposition  II. — The  amount  of  heat  required  to  raise  the 
temperature  of  one  gramme  of  water  1°  C.  of  the  scale  of  the 
hydrogen  thermometer  at  a  mean  temperature  which  may  be 
taken  as  10°  C.  of  that  thermometer  is  4*2  joules. 

If  further  research  should  show  that  the  statement  in  II.  is 
not  exact,  the'  definition  could  be  adjusted  by  a  small  alteration 
in  the  mean  temperature  at  which  the  rise  of  1°  takes  place.  The 
definition  in  I.  and  the  number  (4*2)  of  joules  in  a  calorie  would 
remain  unaltered. 

These  propositions,  it  will  be  observed,  while  reaffirming  the 
names  "joule"  as  the  equivalent  of  107  ergs,  and  calorie,  the 
equivalent  of  4'2  joules,  as  the  amount  of  heat  required  to  raise 
the  temperature  of  one  gramme  of  water  one  degree  centigrade 
on  the  hydrogen  scale,  leave  undetermined  the  mean  temperature 
of  the  water  so  raised.  Proposition  II.  states  that  this  may  be 
taken  as  10°  C.,  but  it  is  pointed  out  that  if  the  heat  required  to 
raise  one  gramme  of  water  from  9'5°  to  10*5°  C.  should  prove  not 
to  be  4*2  joules  a  readjustment  in  the  mean  temperature  employed 
in  the  definition  could  easily  be  made. 

Accordingly  in  the  Report,  1897,  made  at  Toronto  the  Com- 
mittee wrote : — 

"At  the  Liverpool  Meeting  the  Committee  agreed  that  the 
'  calorie,'  defined  as  the  heat  equivalent  of  4*2  x  107  ergs,  should  be 
adopted  as  the  unit  for  the  measurement  of  quantities  of  heat, 
but  the  question  as  to  the  exact  part  of  the  absolute  thermo- 
dynamic  scale  of  temperature  at  which  this  quantity  of  heat  could 
be  taken  as  equal  to  one  water-gramme-degree  was  for  the  time 
being  left  open. 

"  This  resolution  has  made  it  incumbent  on  the  Committee  to 
consider  carefully — 

"  1.  The  relation  between  the  results  of  measurements  of 
intervals  of  temperature  by  accepted  methods  and  the  absolute 
scale. 

"  2.  The  specific  heat  of  water  in  terms  of  the  erg  and  its 
variation  with  temperature. 

"  With  regard  to  the  first  point  there  appears  to  be  no  reason 
to  doubt  that  the  scale  of  a  constant-volume  hydrogen  thermo- 
meter is  very  nearly  identical  with  the  absolute  scale.  The 
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Committee  have  therefore  decided  to  recognise  the  standard 
hydrogen  thermometer  of  the  Bureau  International  des  Poids 
et  Mesures  as  representing,  nearly  enough  for  present  purposes, 
the  absolute  scale.  This  convention  has  at  least  the  advantage 
of  giving  a  definite  meaning  to  statements  of  the  numerical 
value  of  intervals  of  temperature  within  any  range  for  which 
comparison  with  the  hydrogen  thermometer  is  practicable.  If 
future  investigation  should  show  that  it  is  inaccurate  to  any 
appreciable  extent,  corresponding  corrections  can  be  applied  when 
necessary." 

As  regards  the  second  point  further  research  has  shown  that 
an  alteration  in  the  temperature  of  measurement  is  required. 
The  present  position  has  been  summed  up  by  Principal  Griffiths 
in  the  Rapports  presentes  an  Congres  International  de  Physique, 
Paris,  1900,  tome  I.,  and  in  his  Lectures  on  the  Thermal 
Measurement  of  Energy*.  They  are  also  summarised  by  Pro- 
fessor Everett  in  the  latest  edition  of  his  work,  C.G.S.  Units  and 
Constants. 

The  following  table  (p.  618),  taken  from  Professor  Everett's 
work,  gives  the  results  adopted  by  Principal  Griffiths. 

From  this  it  follows  that  the  heat  required  to  raise  a  gramme 
of  water  1°  on  the  hydrogen  scale  is  4*2  joules  when  the  range  of 
temperature  is  from  7*2°  C.  to  8*2°  C.  Thus  according  to  this  the 
10°  C.  of  Proposition  II.  should  be  7*7°  C.,  and  a  calorie  would  be 
the  heat  required  to  raise  a  gramme  of  water  1°  of  the  hydrogen 
scale  from  7*2°  to  8*2°  of  that  scale. 

The  results  of  a  series  of  observations  on  the  heat  required 
to  raise  a  gramme  of  water  from  0°  C.  to  100°  C.  were  published 
by  Reynolds  and  Moorby  in  1897.  The  quantity  necessary  is 
proved  to  be  4*184  joules.  Thus  the  mean  heat  required  to  raise 
a  gramme  1°  C.  for  temperatures  between  0°  and  100°  is  4*184 
joules.  This  number  is  not  far  from  the  4*2  joules  adopted  in 
1896  as  the  number  of  heat  units  in  a  calorie.  Accordingly  the 
suggestion  has  been  made  that  it  would  be  convenient  to  change 
the  definition  of  a  calorie  and  take  it  to  be  one-hundredth  part  of 
the  heat  required  to  raise  one  gramme  of  water  from  0°C.  to 
100°  C.  In  this  case,  according  to  the  mean  number  adopted 
by  Griffiths  (see  table),  one  calorie  would  be  equal  to  4*1854  joules, 
while  according  to  Reynolds  and  Moorby  it  would  be  4*184  joules, 
*  Cambridge  University  Press,  1901. 
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while  the  degree  centigrade  through  which  it  would  be  necessary 
to  raise  one  gramme  of  water  in  order  to  absorb  an  amount  of  heat 
equal  to  one  calorie  would  be  from  17°  to  18°  C. 

Tables  of  Mechanical  Equivalents  in  Joules. 

1  joule=107  ergs. 
Rowland,  reduced  by  Day.     Hydrogen  scale. 


5° 

[4-205] 

13° 

4-191 

21° 

4-180 

29° 

4-174 

6° 

4-203 

14° 

4-189 

22° 

4-179 

30° 

4-174 

7° 

4-201 

15° 

4-188 

23° 

4-178 

31° 

4-174 

8° 

4-199 

16° 

4-186 

24° 

4-177 

32° 

4-174 

9° 

4-198 

17° 

4-185 

25° 

4-176 

33° 

4-174 

10° 

4-196 

18° 

4-184 

26° 

4-176 

34° 

4-174 

11° 

4-194 

19° 

4-182 

27° 

4-175 

35° 

4-175 

12° 

4-192 

20° 

4-181 

28° 

4-175 

36° 

4-175 

Day 

Barnes 

Barnes 

Griffiths 

Hydrogen 

Air 

Hydrogen 

adopted 

0° 

[4-219] 

5° 

[4-205] 

4-210 

4-213 

4-206 

10° 

4-196 

4-198 

4-200 

4-195 

15° 

4-188 

4-189 

4-191 

4-187 

20° 

4-181 

4-184 

4-185 

4-181 

25° 

4-176 

4-180 

4-180 

4-176 

30° 

4-174 

4-178 

4-178 

4-174 

35° 

4-175 

4-177 

4-177 

4-173 

40° 



4-177 

4-177 

4-173 

45° 



4-178 

4-178 

4-173 

50° 



4-180 

4-178 

4-174 

55° 



4-182 

4-181 

4-176 

60° 



4-184 

4-183 

4-178 

65° 



4-187 

4-185 

4-181 

70° 



4-190 

4-188 

4-184 

75° 

— 

4-192 

4-191 

4-187 

80° 



4-195 

4-195 

4-190 

85° 



4-198 

4-198             4-193 

90° 



4-201 

4-201 

4-197 

95° 



4-204 

4-205 

4-201 

100° 

— 

— 

— 

[4-205] 

Mean,  giving  half-  weight  to  0°  and  100° 

4-1854 

If  this  view  were  taken  then  instead  of  Proposition  II.  of  1896 
we  should  read : — 
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One  calorie  is  the  amount  of  heat  required  to  raise  the 
temperature  of  a  gramme  of  water  from  17°  C.  to  18°  C.  on 
the  scale  of  the  hydrogen  thermometer,  and  is  equal  to  4*184 
joules. 

It  should  be  noted,  however,  that  the  Committee  have  not  as 
yet  taken  any  resolution  on  the  point,  and  that  formally  the 
propositions  accepted  in  1896  and  reprinted  above  are  those 
which  they  have  approved. 

It  should  also  be  mentioned  that  in  deference  to  international 
representations  the  use  of  the  word  "  therm "  was  withdrawn  in 
1896,  the  name  being  replaced  by  the  word  "calorie." 
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DURING  the  year  a  very  complete  comparison  of  the  resistance 
standards  belonging  to  the  Association  has  been  carried  out,  and 
the  standards  have  been  compared  with  those  of  the  Reichsanstalt 
and  of  the  Board  of  Trade. 

The  various  units  discussed  in  the  Report  are  :  (1)  The  "  ohm," 
109  c.G.s.  units  of  resistance ;  (2)  the  international  ohm — viz.,  the 
resistance  at  0°  C.  of  a  column  of  mercury  of  uniform  section 
106*3  cm.  in  length  and  14'4521  grammes  in  mass;  (3)  the 
original  B.  A.  unit ;  (4)  the  Board  of  Trade  unit,  supposed  to 
represent  the  international  ohm,  but  constructed  in  1891  so  as 
to  be  equal  to  T01358  B.  A.  units ;  (5)  the  N.RL.  unit  defined 
as  No.  4,  as  deduced  from  the  wire  standards  of  the  Association ; 
(6)  the  Reichsanstalt  unit,  constructed  at  the  Reichsanstalt  to 
represent  the  international  ohm;  (7)  the  mercury  tubes,  con- 
structed at  the  National  Physical  Laboratory  to  represent  the 
international  ohm. 

A  full  account  of  this  comparison  is  given  in  Appendix  I.  to 
the  Report,  by  Mr  F.  E.  Smith,  of  the  National  Physical  Laboratory. 
It  appears  from  this  that  changes  have  shown  themselves  in  all 
the  original  platinum-silver  coils.  The  relative  values  of  these 
coils  are  discussed  in  the  Reports  of  the  Committee  for  1888, 
1890,  and  1892.  The  1888  Report  contains  a  very  complete 
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comparison  of  all  the  coils,  riot  merely  those  of  platinum-silver; 
and  it  is  there  shown  that  they  then  agreed  with  the  values 
assigned  to  them  by  Fleming  in  1881.  The  conclusion  is  also 
drawn  in  the  same  Report  that,  with  the  exception  of  the  platinum- 
iridium  coils  A  and  B,  no  really  certain  variations  could  be  traced 
in  the  other  coils  between  the  results  of  Matthiessen  and  Hockins's 
comparisons  in  1864  and  1867,  those  of  Chrystal  in  1876,  Fleming 
in  1881,  and  the  present  Secretary  in  1888*.  A  postscript  to  the 
Report  for  1888  recorded,  however,  an  appreciable  change  in  the 
coil  F  in  the  autumn  of  that  year. 

In  Appendix  I.  Mr  Smith  starts  with  the  values  given  in  the 
1888  Report,  which  are,  as  nearly  as  we  can  tell,  the  original  values 
of  the  coils. 

Changes  in  the  three  standards  F,  G,  H  have  already  been 
recorded  in  previous  Reports  (1890  and  1892).  The  standard  coil 
Flat  remained  unchanged  in  value  until  1901 — 1902.  Between 
the  observations  recorded  in  these  years  it  increased  in  resistance 
by  17  x  10~5  B.  A.  U.,  and  has  not  varied  since. 

The  alterations  in  the  other  coils  since  the  comparisons  in  1888 
have  been  as  follows : — 

JP+97xlO-5B.A.U. 
G  +  33  x  10~s       „ 
#+18xlO~5       „ 

It  should  however  be  noted  that,  while  between  1888  and 
1890  the  change  in  F  was  +  64  x  10~5  B.A.U.,  that  in  G  was 
-  27  x  10~5,  and  in  H  - 13  x  10~5.  Since  1890  the  same  coils 
changed  by  +  33  x  10~5,  +  54  x  10~5,  and  +  31  x  10~5  B.  A.  U. 
respectively,  while  between  1901  and  1902  Flat,  as  has  already 
been  stated,  rose  by  17  x  10~5  B.  A.  U. 

It  is  not  easy  to  trace  the  causes  of  these  changes.  In  the 
case  of  Flat  the  observations  in  1901  were  made  at  Kew,  those 
in  1902  at  Bushy  House,  and  the  change  may  in  some  way  be 
connected  with  the  removal  of  the  coils.  The  changes  in  F,  G,  H 
first  showed  themselves  after  the  coils  had  been  subject  to  a 
very  low  temperature,  and  may  have  been  started  by  strains  due 
to  this. 

Appendix  I.  gives  the  details  on  which  these  various  state- 
ments are  based.  It  appears  also  from  the  same  Appendix  that 

*  It  is  possible  that  coil  F  is  an  exception  to  this  statement. 
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the  new  platinum-silver  ohm  standards  of  the  Association  have 
retained  their  values  since  1898  practically  unchanged. 

The  comparison  between  the  standards  of  the  Association  and 
those  of  the  Reichsanstalt  leads  to  the  result  that  the  unit  of  the 
Association  (No.  5  of  those  defined  above)  is  less  than  that  of 
the  Reichsanstalt  (No.  6)  by  '000105  ohm.  This  result  is  deduced 
(Table  IX.  of  Appendix  I.)  from  a  series  of  extremely  concordant 
measures  on  coils  of  value  O'l,  1,  10,  100,  1000,  and  10,000  ohms; 
thus  both  the  unit  and  the  multiple  coils  agree  in  giving  the  same 
difference  between  the  Reichsanstalt  and  ourselves. 

By  the  kindness  of  Mr  Trotter  a  comparison  has  been  made 
between  the  Board  of  Trade  unit  and  those  of  the  Association, 
with  the  result  that,  as  deduced  from  the  unit  coils,  the  Board  of 
Trade  unit  is  less  than  that  of  the  Association  by  '00006  ohm. 
This  result,  however,  is  not  confirmed  by  a  comparison  of  a 
1000-ohm  coil  belonging  to  the  Association  with  one  of  those  of 
the  Board  of  Trade  * ;  these  coils  show  no  difference. 

The  above  statements  are  made  on  the  assumption  that  the 
various  changes  in  the  coils  which  have  undoubtedly  occurred 
have  been  rightly  interpreted,  so  that  we  can  now  recover  the 
absolute  c.G.s.  value  of  the  coil  Flat,  and  hence  of  the  standard 
ohm  as  originally  determined  at  the  Cavendish  Laboratory,  and 
defined  by  the  Committee  in  the  Edinburgh  Report,  1892. 

That  this  is  the  case  is  borne  out  by  the  results  of  the  experi- 
ments on  the  specific  resistance  of  mercury,  a  summary  of  which 
is  given  in  Appendix  II.  These  are  not  yet  complete.  Mr  Smith 
has,  however,  constructed  and  calibrated  eleven  mercury  tubes. 
The  mean  cross-section  of  each  of  these  has  been  determined  by 
at  least  four  different  sets  of  measurements.  In  nine  cases  the 
greatest  difference  between  any  measurement  and  the  mean  is  not 
more  than  '001  per  cent. 

The  values  found  for  the  resistance  of  each  tube  do  not  differ 
by  more  than  '001  per  cent. 

If  we  assume  as  above  that  the  values  of  the  wire  standards  of 
resistance  of  the  Association  are  known  in  terms  of  the  absolute 
C.G.s.  unit,  then  it  follows  that  the  length  of  the  column  of 
mercury,  one  square  millimetre  in  section,  which  would  have  a 
resistance  of  10°  C.G.s.  units,  would  be  106'291  centimetres. 

*  If  the  view  be  accepted  that  the  laboratory  unit  is  the  same  as  in  1891,  the 
Board  of  Trade  standard  has  fallen  since  that  date  by  '00006  ohm. 
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The  value  found  for  this  same  quantity  by  the  Secretary 
(Mr  Glazebrook)  and  Mr  Fitzpatrick  in  1888*,  was  106'29  centi- 
metres. We  infer  then  that  we  still  can  recover  from  our  standard 
coils  the  absolute  C.G.s.  unit  of  resistance. 

Again,  the  length  of  the  mercury  column  constituting  the 
international  ohm  has  been  defined  as  106'3  cm. 

But  we  have  seen  that  the  absolute  C.G.s.  unit  as  deduced 
from  the  wire  coils  of  the  Association  has  a  resistance  equal  to 
that  of  106'291  cm.  Thus  the  absolute  unitf  is  smaller  than  the 
international  ohm  by  '009  per  cent.  Again,  it  has  been  stated 
above  that  the  unit  deduced  from  the  standards  of  the  Association 
is  smaller  than  that  of  the  Reichsanstalt  by  '0105  per  cent. 

Thus  the  mercury  standards  of  the  Reichsanstalt,  constructed 
to  represent  the  international  ohm,  exceed  those  just  made  for 
the  Association  by  Mr  Smith  by  '0015  per  cent.,  or  1*5  parts 
in  100,000. 

Again,  if  these  results  be  accepted,  since  the  Board  of  Trade 
unit,  as  derived  from  the  wire  standards,  is  less  than  that  of  the 
Association  by  *006  per  cent.,  and  the  Association  unit  is  too 
small  by  '009  per  cent.,  it  follows  that  the  Board  of  Trade  unit 
is  too  small  by  '015  per  cent.  This  difference  arises  in  part  from 
the  fact  that  the  standards  of  the  Association,  from  which  the 
Board  of  Trade  standard  was  copied  by  the  Secretary  in  1891,  are 
too  low ;  in  part  from  the  fact  that  the  Board  of  Trade  standard 
has  diverged  slightly  from  that  of  the  Association  since  1891. 

Thus,  to  sum  up  this  part  of  the  Report,  it  may  be  stated 
that  :— 

(a)  The  original  B.  A.  unit  and  the  standard  ohm  based  on  it 
(Nos.  3  and  5  of  the  units  concerned)  can  be  recovered  from  the 
wire  coils  of  the  Association. 

(b)  The  Board  of  Trade  unit  (No.  4)  is  now  less  than  the 
Laboratory  unit  (No.  5)  by  '006  per  cent. 

(c)  The  Laboratory  unit  (No.  5)  is  less  than  the  international 
ohm  (No.  2)  by  '009  per  cent. 

*  Phil.  Trans.  1888. 

f  The  resistance  taken  for  a  column  of  mercury  1  square  mm.  in  section, 
100  cm.  in  length  at  0°  C.  at  the  Edinburgh  Meeting  in  1892,  was 

•9407  x  109  C.G.S.  units. 

Mr  Smith's  experiments  give,  assuming  the  values  of  the  wire  coils  known,  the 
result  -9408 x  109  C.G.S.  units. 
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(d)  The  Board  of  Trade  unit  is  less  than  the  international 
ohm  by  "015  per  cent. 

(e)  The    mercury   tubes    made    at    the    National    Physical 
Laboratory   to   represent   the   international    ohm   are   less   than 
those  made  at  the  Reichsanstalt  by  '0015  per  cent. 

This  last  result  must  be  considered  as  provisional  pending 
the  completion  of  Mr  Smith's  work,  but  it  is  clearly  highly 
satisfactory. 

Mr  Smith  has  also  made  progress  during  the  year  with  his 
investigations  into  certain  of  the  anomalies  shown  by  Clark  cells, 
but  the  results  of  that  inquiry  are  not  yet  ready  for  publication. 

The  standard  condensers  of  the  Association  have  been 
frequently  in  use  during  the  year;  about  fifteen  condensers 
have  been  compared  with  them.  They  retain  their  value  in  a 
satisfactory  manner,  and  are  convenient  to  work  with,  though 
possibly  some  improvement  in  the  insulation  might  be  desirable. 

A  chronograph,  purchased  with  part  of  the  grant  made  last 
year,  will  enable  the  time  measurements  required  in  the  measure- 
ment of  capacity  to  be  made  with  greater  accuracy,  and  hence  will 
permit  of  greater  rigidity  in  the  inquiry  as  to  the  permanence  of 
the  standards. 

The  platinum  thermometers  made  from  the  stock  of  wire 
purchased  from  Messrs  Johnson  and  Matthey,  which  at  the  time 
of  the  last  Report  were  in  course  of  construction,  have  been 
completed,  and  the  behaviour  of  some  of  them  investigated 
throughout  the  past  year.  The  resistance- box  available  was  the 
old  Calendar-Griffiths  box  used  in  the  work  of  Dr  Chree  at  Kew 
Observatory,  having  coils  of  platinum-silver  on  the  binary  system. 
The  contacts  are  an  old  form  of  the  Cambridge  Instrument 
Company's  type  of  plug  contact,  the  cheeks  being  made  of  a 
special  white  alloy  held  in  round  Doulton-ware  cups.  In  measure- 
ments with  this  box  not  much  significance  attaches  to  the  third 
figure  of  decimals  representing  hundred-thousandths  of  an  ohm, 
though  the  settings  could  be  made  to  this  amount  at  the  lower 
temperatures.  The  box  resistance-coils  were  intended  for  use 
with  platinum  thermometers  of  1  ohm  fundamental  interval  only, 
and  therefore  the  two  high-resistance  thermometers,  of  5  ohms 
fundamental  interval,  could  not  be  measured  at  the  sulphur-point ; 
their  systematic  investigation  has  therefore  been  temporarily  post- 
poned. The  want  of  a  better  box  for  this  work  is  seriously  felt. 
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Of  the  original  six  thermometers  made  in  August  1902,  Nos.  1 
to  4  are  of  1  ohm  fundamental  interval,  Nos.  1  and  2  being  in 
porcelain  and  3  and  4  in  specially  thin  Jena  glass  tubes  of  internal 
diameter  8  to  9  mm.  and  38  to  40  cm.  long.  Nos.  5  and  6  are  of 
5  ohms  fundamental  interval,  and  in  somewhat  wider  tubes  of 
specially  thin  glass,  through  which  the  four  leads  are  hermetically 
sealed.  The  heads  of  all  these  thermometers  are  of  the  design 
used  by  Chappuis  and  Marker,  the  contacts  to  the  solid  ends  of 
the  copper  flexibles  being  made  by  fusible  metal  cups.  With 
reasonable  care  these  contacts  prove  very  satisfactory,  both  as 
regards  the  constancy  of  their  resistance  and  their  mechanical 
strength. 

In  the  construction  of  all  these  thermometers  special  care  was 
devoted  to  adjusting  their  fundamental  intervals  to  be  very  close 
to  their  nominal  values,  and  after  completing  this  adjustment  all 
were  subjected  to  repeated  annealing  in  air  at  a  bright-red  heat, 
thermometers  Nos.  3  and  4  being  temporarily  placed  in  porcelain 
tubes  for  the  purpose. 

The  remaining  four  constructed  last  summer,  and  one  of  later 
date,  all  of  1  ohm  fundamental  interval,  have  had  their  constants 
determined  from  time  to  time  during  the  year.  One  .of  them — 
B.  A. 2 — was  selected  as  a  representative  platinum  thermometer 
for  use  in  an  investigation  made  to  determine  the  relation  between 
the  platinum  scale  and  that  of  the  gas  thermometer  of  the 
National  Physical  Laboratory  at  temperatures  up  to  1000°  C. 
During  the  time  occupied  by  two  sets  of  experiments  with  this 
instrument,  extending  over  about  three  months  in  all,  its  constants 
altered  by  an  amount  only  just  greater  than  their  probable  error, 
showing  that  it  is  quite  possible  to  use  properly  constructed 
platinum  thermometers  up  to  temperatures  slightly  over  1000°  C. 
for  long  periods  without  fear  of  serious  changes. 

The  summary  of  the  life-history  of  the  different  thermometers 
is  given  in  Appendix  III.  The  chief  fact  apparent  is  that  there 
seems  to  be  a  small  but  real  difference  between  the  8  of  thermo- 
meters 1  and  3  on  the  one  hand,  and  2,  4,  and  7  on  the  other,  the 
maximum  divergence  being  about  0'02. 

Prolonged  electrical  heating  in  air  of  the  wire  of  one  of  the 
thermometers  was  not  found  to  sensibly  change  the  value  of 
the  B.  The  cause  of  the  small  differences  found  is  not  obvious, 
and  further  investigation  is  being  made  on  this  point. 

B.  A.  40 


626 


PRACTICAL   STANDARDS 


A  change  in  8  from  1*50  to  1*51  would  make  at  the  sulphur- 
point  a  difference  of  0153°  C.,  and  at  1000°  C.  one  of  O9°. 

The  question  of  the  resistance  of  copper  has  been  raised  lately 
by  the  work  of  one  of  the  sub-Committees  of  the  Engineering- 
Standards  Committee.  For  commercial  purposes  the  resistance 
of  copper  is  defined  at  a  temperature  of  60°Fahr.  (15'55°C.). 
A  table  in  Appendix  IV.  gives  the  values  that  have  been  found  by 
various  experimenters. 

It  is  clear  that  copper  is  now  prepared  of  a  higher  degree  of 
purity  than  in  the  time  of  Matthiessen.  Taking  the  mean  of  the 
figures  in  the  table  for  modern  electrolytic  copper,  we  have  as 
the  value  of  the  resistance  of  1  metre  of  copper  wire  weighing 
1  gramme  the  value  014855  ohm  at  15*55°  C.,  but  the  figures  of 
which  this  is  a  mean  range  from  01475  to  01492.  The  value  found 
by  Matthiessen,  as  deduced  from  his  paper  in  the  Phil.  Trans. 
for  1860,  is  01500  ohm.  Thus  the  conductivity  of  modern  pure 
electrolytic  copper  is  1  per  cent,  better  than  Matthiessen's. 

The  Committee  on  copper  conductors,  which  investigated  the 
question  in  1899,  adopted  the  number  01508  ohm  as  the 
resistance  of  a  metregramme  of  commercial  annealed  high- 
conductivity  copper.  This  figure  has  been  accepted  by  the 
Engineering  Standards  Committee. 

Mr  H.  A.  Taylor  has  recently  placed  in  the  hands  of  the 
Secretary  two  resistances  of  gold-silver  wire  made  by  Matthiessen 
himself,  to  represent  the  resistance  at  15*5°  C.  of  100  inches 
of  pure  annealed  copper,  having  the  weight  of  100  grains.  The 
resistances  of  these  coils  have  been  determined  by  Mr  Smith,  and 
the  results  are  given  in  the  following  table : — 


— 

Coil  No.  1 

Coil  No.  2 

Resistance  of  100  inches  of  copper  weigh-  ^ 
ing  100  grains,  as  given  by  Matthies-  k.. 
sen  in  B.  A.  units  at  15  -5°  C. 
Resistance  found  in  1903  in  B.A.  units! 
at  15-5°  C.                                              /" 
Resistance  found  reduced  to  ohms  at  15'5°  C.  .  .  . 
Resistance  deduced  of  a   metregramme  | 
in  ohms  at  15'5°C.                              /" 

•1516 

•14932 
•14996 

•1514 

•15132 
•14929 
•14994 

Thus  Matthiessen's  value  for  the  resistance  of  annealed  copper 
at  15*55°  C.  (60°  Fahr.),  as  deduced  from  these  coils,  agrees  very 
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closely  with  the  value  calculated  by  the  Secretary  from  the  figures 
in  his  1860  paper. 

The  Committee  have  had  under  consideration  the  drawings 
and  specifications  for  the  Ampere  Balance  as  designed  by  the  late 
Principal  Viriamu  Jones  and  Professor  Ayrton.  The  electrical 
parts  of  the  instrument  need  construction  under  skilled  super- 
vision. Tests  of  various  kinds  have  to  be  made  continually,  and 
the  Committee  have  come  to  the  conclusion  that  this  supervision 
can  best  be  secured  by  having  the  instrument  constructed  in  the 
workshop  of  the  National  Physical  Laboratory,  under  the  care  of 
Professor  Ayrton  and  the  Secretary,  who,  as  Director,  will  be  able, 
with  the  assistance  of  the  staff  of  the  Laboratory,  to  control  the 
work  in  an  efficient  manner. 

The  Committee  are  of  opinion  that  further  expenditure  will 
be  required  in  completing  the  set  of  platinum  thermometers, 
in  particular  in  providing  a  satisfactory  resistance-box  and  in 
carrying  out  the  researches  on  the  Clark  cell.  They  consider  that 
it  is  of  great  importance  that  these  researches  should  be  brought 
to  a  satisfactory  conclusion. 

For  these  reasons  they  recommend  that  they  be  reappointed, 
with  a  grant  of  £60,  that  Lord  Rayleigh  be  Chairman,  and 
Mr  R.  T.  Glazebrook  Secretary. 

APPENDIX  I*. 

On  the  Values  of  the  Resistance  of  certain  Standard  Coils  of  the 
British  Association.     By  F.  E.  SMITH. 

(From  the  National  ^Physical  Laboratory.) 
[The  Report  covers  the  period  1888—1903  inclusive.] 

Changes  of  very  considerable  magnitude  have  taken  place 
since  1892  in  the  old  B.  A.  standards.  The  removal  of  the  coils, 
first  to  Liverpool,  then  to  Kew,  and  finally  to  Teddington,  has 
resulted  in  the  comparisons  being  incomplete  in  some  years.  In 
consequence  the  difficulty  of  locating  differences  has  correspondingly 
increased. 

The  observations  recorded  are  in  terms  of  B.  A.  Flat.  Owing 
to  a  change  in  Flat  taking  place,  however,  the  1903  comparisons 
were  made  chiefly  with  Nalder  3715. 

*  See  also  Report  for  1908. 
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In  Table  I.  the  approximate  differences  in  B.  A.  U.  between 
Flat  and  the  B.  A.  unit  coils  F,  G,  H  of  the  Association  are 
given. 

TABLE  I 


Flat 

Ypflr 

JL  cctl 

F 

G 

H 

1888 

+  47xlO~5 

+  91xlO~5 

+  77xlO~5 

1890 

-17 

+  112 

+  90 

1891 







1892 

-18 

+  1Q8 

+  92 

1894 







1897 

— 

— 

— 

1898 

-36 

+  99 

+  69 

1900 

-47 

+  92 

+  63 

1901 

-42 

+  92 

+  70 

1902 

-33 

+  90 

+  76 

1903 

-33 

+  75 

+  76 

Table  II.  gives  the  differences  in  ohms  between*  (1  '01 358 

x  Flat)  and  other  platinum-silver  coils.  Temperature  of  observa- 
tions, 16°C. 

TABLE  II. 


(1-01358  x  Flat) 

Year 

Nalder 

Elliott 

Elliott 

Elliott 

3715 

264 

269 

270 

1888 

1890 

— 





: 

1891 

— 

+  13xlO~5 

— 



1892 









1894 

-17xlO~5 

— 

-37xlO~5 

+  27xlO~5 

1897 

— 

— 

— 



1898 

-17 

+   9 

-46 

+  27 

1900 

-17 

+  23 

-59 

+  27 

1901 

-17 

+  23 

-54 

+  27 

1902 

0 

+  38 

-39 

+  44 

1903 

0 

— 

-39 

+  44 

1B.O.T.  ohm  =  1-01358  B. A.  U. 
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Table  III.  shows  the  percentage  differences  between  (1'01358 
x  Flat)  and  the  unit  of  two  10-ohm  platinum-silver  coils  of  the 
Association  at  16°  C. 

TABLE  III. 


Year 

(1-01358  x  Flat) 

Elliott 
288 

Elliott 
289 

1897 
1898 
1902-3 

-27x10-5 

-27 
-10 

+  7x10-5 
+  7 
+  24 

The  coils  F,  G,  and  H  are  similarly  constituted :  they  are  the 
old  B.  A.  coils  made  by  Matthiessen.  No.  3715  is  by  Nalder  Bros., 
and  the  remainder  of  the  coils  by  Messrs  Elliott  Bros.  No.  264  is 
a  coil  belonging  to  the  Board  of  Trade,  and  has  been  returned  to 
Whitehall ;  hence  there  are  no  observations  for  1903. 

Tables  I.,  II.,  and  III.  assume  Flat  to  be  constant.  It  will  be 
observed  that  the  differences  between  Flat  and  3715,  270,  288, 
and  289  are  constant  from  1897  to  1901.  From  1901  to  1903  a 
change  of  about  0'017  per  cent,  is  evident  in  the  differences 
between  Flat  and  the  coils  3715,  264,  269,  270,  and  again  between 
Flat  and  the  units  of  the  coils  288  and  289.  This  suggests  a 
change  in  the  value  of  Flat  since  1901. 

TABLE  IV.     Values  at  16°  C.  in  terms  of  (T01358  x  Flat), 
assuming  Flat  unchanged. 


Year 

Wolff 
1690 

Wolff 
780 

Wolff 
381 

Wolff 
147 

1901 
1902 
1903 

1-00012 
•99995 
•99995 

.1-00002 
•99987 
•99987 

1-00014 
•99999 
•99999 

•99790 
•99783 
•99783 

Since  1901  comparisons  between  Flat  and  the  manganin 
standards  of  the  Association  have  been  made.  Table  IV.  gives 
the  observed  values  in  ohms. 
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The  values  of  1690,  780,  381,  and  147  diminish  by  17,  15, 
15,  and  7  times  10~5  ohms  respectively  in  the  interval  1901 — 1902. 
No.  147  is  known  to  be  a  variable  coil  of  very  low  insulation- 
resistance,  and  may  be  disregarded  for  the  purpose  of  estimating 
the  change  in  Flat.  It  is  of  interest  as  being  a  coil  brought  to 
Cambridge  by  Dr  Lindeck  in  1892  and  left  with  the  Secretary. 

Thus  the  apparent  falls  in  value  of  3715,  264,  269,  270,  288, 
289,  1690,  780,  and  381  are  respectively  '017,  -015,  '020,  "017, 
•017,  *017,  '017,  '015,  and  '015  per  cent.,  giving  a  mean  of 
•017  per  cent. 

This  justifies  the  assumption  of  a  rise  in  resistance  of  B.  A. 
Flat  of  '017  per  cent,  in  the  period  1901—1902. 

The  following  tables,  V.  and  VI.,  are  I.  and  II.  revised.  They 
take  the  change  in  Flat  into  account  by  means  of  corrections 
applied  to  the  observations  of  the  years  1902  and  1903.  The 
values  given  are  for  16°  C. 

TABLE  V.    (I.  Revised.) 
B.A.U. 


Constant  Flat 

F 

G 

H 

1888 

+  47xlO-5 

+  91xlO-5 

+  77X10-5 

1890 

-17 

+  112 

+  90 

1891 

— 

— 

— 

1892 

-18 

+  108 

+  92 

1894 

— 

— 

— 

1897 



— 

— 

1898 

-36 

+  99 

+  69 

1900 

-47 

+  92 

+  63 

1901 

-42 

+  92 

+  70 

1902 

-50 

+  73 

+  59 

1903 

-50 

+  58 

+  59 

Tables  VII.  and  VIII.  being  III.  and  IV.,  similarly  revised, 
show  no  marked  change  in  any  of  the  coils  in  those  tables 
excepting  147. 

With  reference  to  Tables  V.  and  VI.  the  data  for  1901—1903 
show  a  rise  of  '008  per  cent,  for  F,  '034  per  cent,  for  G,  and 
•Oil  per  cent,  for  H,  indicating  that  they  are  certainly  changing 
coils,  the  resistance  for  this  period  increasing  with  time. 
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TABLE  VI.     (II.  Revised.) 

Ohms. 


Constant  (1-01358  x  Flat) 

Year 

Nalder 

Elliott 

Elliott 

Elliott 

3715 

264 

269 

270 

1888 

1890 

— 

— 





1891 

— 

+  13xlO-5 

— 

— 

1892 

— 

— 

— 

— 

1894 

-17x10-5 

— 

-37xlO-5 

+  27xlO'5 

1897 

— 

— 





1898 

-17 

+  9 

-46 

+  27 

1900 

-17 

+  23                      -59 

+  27 

1901 

-17 

+  23                      -54 

+  27 

1902 

-17 

+  21                      -56 

+  27 

1903 

-17 

-56 

+  27 

TABLE  VII.    (III.  Revised.) 
Values  at  16°  C. 


(1-01358  x  Flat) 

Year 

Elliott 

Elliott 

288 

289 

1897 

-•27xlO-5 

+  7xlO~5 

1898 

-•27 

+  7 

1902-3 

-•27 

+  7 

TABLE  VIII.    (IV.  Revised.) 


Year 

Wolff 
1690 

Wolff 
780 

Wolff 
381 

Wolff 
147 

1901 
1902 
1903 

1-00012 
1-00012 
1-00012 

1-00002 
100004 
1-00004 

1-00014 
1-00016 
1-00016 

•99790 
•99800 
•99800 
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From  the  values  recorded  for  3715  and  270  we  have  evidence 
that  Flat  has  probably  remained  constant  for  the  period  1894—1901. 
Also  we  infer  that  264  is  not  a  coil  showing  very  great  changes. 

Between  the  years  1892  and  1898  the  differences  between 
Flat  and  the  coils  F,  G,  and  H  alter  by  the  amounts  '018  per  cent., 
•009  per  cent.,  and  '023  per  cent,  respectively.  The  dissimilarity 
of  these  percentage-differences  is  further  evidence  that  the  coils 
have  changed  amongst  themselves  in  this  period.  Comparing  the 
amounts  with  those  of  the  period  1901 — 1903,  they  represent 
quite  normal  increments  of  resistance.  The  balance  of  evidence 
in  consequence  is  in  favour  of  the  constancy  of  Flat  over  the 
period  1892 — 1898,  and  this  constancy  has  therefore  been 
assumed. 

A  summarised  statement  of  the  platinum-silver  coils  of  the 
Association  will  now  be  as  follows: — 

TABLE  IX.     Showing  the  Percentage-increase  in  Resistance  of 
B.  A.  Platinum-silver  Coils  from  1888. 


Coil 

1888 

1890 

1891 

1892 

189  i 

1897 

1898         1900 

1901 

1902 

1903 

Flat 

— 

— 

- 

— 

— 

— 

— 

— 

— 

•017 

•017 

F 

— 

•064 

- 

•065 

— 

- 

•083 

•094 

•089 

•097 

•097 

G 

— 

-•021 

— 

-•017 

— 

— 

-•008 

-•m 

-'001 

•018 

•033 

H 

— 

-•013 

— 

-•015 

— 

— 

•008 

•014 

•007 

•018 

•018 

3715 

— 

— 

— 

-  { 

observ. 
commence 

}       - 

0 

0 

0 

0 

0 

264 

— 

-  { 

observ. 
commence 

}- 

— 

•004      -'010 

-•010 

-•008 

- 

269 

— 

- 

— 

-i 

observ. 
commence 

\    ~ 

•009 

•022 

•017 

•019 

•019 

270 

— 

— 

— 

~\ 

observ. 
commence 

I       _ 

0 

0 

0 

0 

0 

288 

— 

— 

— 

observ. 
commence 

I    • 

— 

— 

— 

0 

289 

/ 

observ. 

\     n 

o 

\\  commence  J 

It  will  be  observed  that  a  number  of  the  coils  are  steadily 
rising  in  value.  The  insulation  remains  good. 

Temperature  Coefficients  of  B.  A.  Coils. 

Some  special  observations  have  been  made  in  order  to  obtain 
the  temperature  coefficients  of  the  coils.  These  were  carried  out 
by  keeping  the  standard  coil  constant  and  subjecting  the  tested 
coil  to  various  temperatures  for  twelve  or  more  hours  so  as  to 
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ensure  no  lag.  It  is  interesting  to  note  that  the  temperature 
coefficients  of  some  of  the  coils  are  appreciably  different  from  the 
old  values  of  1892. 

TABLE  X.     Showing  the  old  and  new  values  of  the  Temperature 
Coefficients  of  Various  Coils. 


Coil 

Temperature  Coefficient 
per  1°C.,  Old  value 

Temperature  Coefficient 
per  1°C.,  New  value 

Flat 

•000277  B.  A.  U. 

•000271  B.A.U. 

F       • 

286       „ 

268       „ 

G 

274       „ 

274       „ 

H 

271        „ 

280       „ 

3715 

•000260  ?  ohm 

•000307  (.hiu 

264 

312       „ 

283       „ 

269 

285       „ 

270 



315       „ 

Comparison  of  the  Unit  of  Resistance  employed  at  the 
Reichsanstalt  with  that  of  the  N.  P.  L. 

By  the  N.P.L.  unit  is  meant  the  unit  of  resistance  as  obtained 
from  the  old  B.  A.  coils*.  Assuming  that  all  the  changes  have 
been  successfully  interpreted,  the  unit  at  present  employed  in  the 
Laboratory  should  be  the  same  as  that  employed  in  the  Cavendish 
Laboratory  in  1898  and  at  Edinburgh  in  1892. 

A  comparison  of  the  two  units  was  rendered  possible  in  the 
spring.  Two  Wolff  coils,  Nos.  780  and  738,  of  nominal  values 
1  ohm  and  10  ohms  respectively,  were  despatched  to  Germany 
last  winter.  Their  values  were  determined  in  Reichsanstalt  units 
(termed  international  ohms)  in  March,  and  the  coils  immediately 
returned  to  the  Laboratory.  Unfortunately  both  coils  fell  in  value 
two  or  three  parts  in  the  hundred-thousandth  figure  during  their 
journeyings.  The  values  given  in  the  table  are  those  determined 
on  their  return. 

In  addition,  five  new  coils  were  received  varying  in  value  from 
-J^th  to  10,000  ohms.  These  enabled  a  more  complete  comparison 
to  be  made.  The  Laboratory  value  was  deduced  by  building  up 
from  the  unit,  and  also  by  direct  comparison  with  coils  of  similar 
value. 

*  1  N.P.L.  unit  =  1-01358  B. A- U. 
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TABLE  XI.     Results  of  Measurements  of  various  coils  at  the 
Reichsanstalt  and  at  the  Laboratory,  March  1903. 


Coil  No. 

Laboratory  Value 

n  t  1  7°  d 

Value  Deduced 
from  Reichsanstalt 

Laboratory  Value— 
Reichsanstalt  Value. 

Certificate  at  17°  C. 

Percentage  Difference 

2352 

•100007 

•099996 

•Oil  per  cent. 

2351 

1-00011 

1-00001 

•010 

780 

1-00001 

•99991 

•010 

738 

9-99948 

9-9985 

•<>095       , 

2450 

100-004 

99-993 

•on      , 

2449 

1000-06 

999-96 

•010 

2448 

10000-9 

9999-8 

•on 

It   is   evident  from    these   observations  that  a   difference  of 
•01 05  per  cent,  exists,  i.e. — 

Resistance  of  Reichsanstalt  unit  —  Resistance  of  Laboratory  unit 

=  -000105ohm (A). 


Comparison  of  the  Unit  of  Resistance  employed  at  the  Board 
of  Trade  with  that  of  the  Laboratory. 

The  comparison  of  these  two  units  is  not  so  complete.  Two 
platinum-silver  units  and  one  of  manganin  have  been  measured 
at  both  laboratories.  The  measurements  made  at  Teddington 
indicate  that  no  change  resulted  during  the  journey  ings  of  the 
coils.  In  addition  one  1000-ohm  coil  (Nalder  6863)  has  been 
measured. 

TABLE  XII.  Results  of  Measurements  of  various  coils  at  the 
Board  of  Trade  Offices  and  at  the  Laboratory,  February 
and  March,  1903. 


Coil  No. 

Temperature 

Laboratory 
Value 

Deduced 
B.O.T.  Value 

Laboratory 
Value—  B.O.T. 

Elliott,  270 
Elliott,  264 
Wolff,  381 
Nalder,  6863 

16-0°    C. 
16-0°    C. 
16-0°   C. 
15-84°  C. 

1-00006 
1-00008 
1-00015 
999-13 

1-00010.5 

1-00014,5 
1  -000217 
999-l3 

-  -0046  per  cent. 
—  "0065        „ 
-  -0067 
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The  exact  relationship  between  the  B.O.T.  unit  and  that  of  the 
Laboratory  is  therefore  somewhat  uncertain.  However  for  the 
unit  coils  we  have — 

Resistance  of  Laboratory  unit  -  Resistance  of  B.O.T.  unit 

=  -00006  ohm,  a  difference  of  '006  per  cent (B). 

From  the  two  relationships- 
Resistance  of  Reichsanstalt  unit  -  Resistance  of  N.P.L.  unit 

=  -000105  ohm, 
Resistance  of  Laboratory  unit  —  Resistance  of  B.O.T.  unit 

=  '00006  ohm 
we  have 

Resistance  of  Reichsanstalt  unit  —  Resistance  of  B.O.T.  unit 

=  -OOOI65  ohm,  a  difference  of  '0165  per  cent 

The  present  values  of  the  B.  A.  coils  are  as  follows : — 

TABLE  XIII. 


Coil 

Temperature 

Resistance 

Temperature  Coefficient 
per  1°  C. 

Flat 

16-0°  C. 

1-00050B.A.U. 

•000271  B.A.U. 

F 

V) 

1-00083       „ 

•000268       „ 

G 

•99975       „                    -000274        „ 

H 

„ 

•99976       „                    -000280 

3715 

M 

1-00050  ohm                   -000307  ohm 

269 

„ 

1-00089     „                      -000285     „ 

270 

w 

1-00006     „                      -000315     „ 

288 

n 

10-0060       „ 

00310       „ 

289 

» 

100026       „ 

•00265 

The  Wolff  manganin  coils  of  the  Association  are  also  given  at 
16°C.,  with  a  temperature  coefficient   to   be  applied  for   small 

TABLE  XIV. 


Temperature 

Coil 

Temperature 

Resistance 

Coefficient 

per  1°  C. 

1690 

16-0°  C. 

1-0001  2  ohm 

•00001  ohm 

780 

55 

1-00002     „ 

•00001     „ 

381* 

)) 

1-00016    „ 

•00002    „ 

147 

)? 

•99800    „ 

•OOOOls  „ 

No.  381  is  a  manganin  coil  belonging  to  the  Board  of  Trade. 
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ranges  of  temperature  only,  since  it  is  by  no  means  a  linear 
function. 

As  has  already  been  explained,  the  values  are  given  in  terms 
of  the  Laboratory  unit  which  represents  109  C.G.S.  units  of  re- 
sistance as  determined  by  Lord  Rayleigh  and  Mr  Glazebrook 
at  Cambridge.  It  has  been  assumed  that  the  inter-comparison 
of  the  coils  enables  that  unit  to  be  recovered. 

Appendices  I.  and  II.  of  the  present  Report  afford  the  means 
of  connecting  this  unit  with  those  of  the  Board  of  Trade,  derived 
from  it  in  1891,  and  of  the  Reichsanstalt,  and  also  with  the  ohm 
or  international  ohm — the  resistance,  that  is,  of  a  certain  column 
of  mercury. 


APPENDIX  II. 

The  relation  between  the  international  ohm  (106 '300  cm.  Hg 
weighing  14*4521  gms.  at  0°  C.)  and  the  unit  of  resistance 
employed  at  the  N.P.L.  Preliminary  Note,  by  F.  E.  SMITH. 

(From  the  National  Physical  Laboratory.'} 

The  following  measurements  of  six  mercury  tubes  indicate  the 
progress  made  in  this  inquiry. 


Conical 

L 

Correc- 

a 

b 

tion 

Theoretical 

Tube 

Length  for 

b  -a 

1  Int.  Ohm 

Calculated 

Mean 

Length  at 

(A*-l) 

Resistance 

Measured 

0°C. 

xlO6 

of  Tube. 

Resistance. 

Int.  Ohm 

Lab.  Unit 

U 

62-0731 

56 

62-1319 

•99905 

•99913 

•00008 

V 

73-5000 

18 

73-4759 

1-00033 

1-00041          -00008 

G 

116-507 

9 

116-478 

1-00025 

1-00035 

•00010 

X 

65-6338 

28 

65-6354 

•99997 

1-00007 

•00010 

Y 

62-1867 

15 

62-2382 

•99917 

•99926 

•00009 

Z 

68-5199 

8 

68-5057 

1-00021 

1-00029 

•00008 

Thus,  Laboratory  Unit  of  Resistance 
106-291 


'99991  Int.  ohm 


10300 
[The  above  figures  are  intended  as  merely  provisional.] 
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With  respect  to  the  measurements  of  the  cross-sections  the 
uniformity  of  the  results  show  that  an  accuracy  of  '001  per  cent. 
may  be  relied  upon.  Four  methods  of  measuring  the  resistance 
will  be  employed.  At  present  only  two  of  these  are  completed. 
The  values  in  each  horizontal  line  refer  to  different  fillings ;  they 
are  very  concordant,  as  the  values  given  in  the  following  table 
show : — 

Resistance  in  Laboratory  (N.P.L.)  Units  of 
Mercury  Tabes. 


Tube 

Resistance 
at  0°  C. 
Potentiometer 

Resistance 
at  0°  C. 
Kelvin 
Double  Bridge 

U 

•99913 
•99912 
•99914 

•99913 
•99912 
•99914 

V 

1-00041 
100044 
1-00040 

1-00041 
1-00044 
1-000395 

G 

1-00034 
1-00036 
1-00035 

1-00035 
1-00036 
1-00035 

X 

1-00007 
1-00006 
1-00007 

1-00007 
1-00006 
1-00006 

Y 

•99926 
•99927 
•99925 

•99926 
•99926 
•99925 

Z 

1-00030 
1-00029 
1-00029 

1-00030 
1-00029 
1-00029 
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APPENDIX  III. 

On  the  Platinum  Thermometers  of  the  British  Association. 
By  J.  A.  HARKER,  D.Sc. 

(From  the  National  Physical  Laboratory.} 

The  four  platinum  thermometers  numbered  B.AM  to  B.A.4,  with 
which  this  Appendix  chiefly  deals,  were  constructed  at  the  National 
Physical  Laboratory  in  August  1902.  The  wire  used  for  the 
"  bulbs  "  is  approximately  *006  in.  (*15  mm.)  diameter,  and  for  the 
leads  '020  in.  ('5  mm.). 

After  ascertaining  approximately  the  length  of  wire  necessary 
to  give  a  fundamental  interval  of  1  ohm,  the  proper  amount  for 
the  four  thermometers  was  cut  off  from  the  stock  reel,  and  heated 
in  one  piece  to  moderate  redness  (800°  C.)  electrically  when  sup- 
ported approximately  horizontal.  The  platinum  "lead"  wires, 
which  were  of  the  same  quality  of  pure  metal  as  the  finer  "  bulb  " 
wire,  were  then  measured  off  and  the  pairs  assigned  to  each 
thermometer  accurately  matched.  After  a  preliminary  anneal  in 
an  oxidising  atmosphere  at  a  bright  red  heat,  one  of  each  of  these 
pairs  was  looped  upon  itself  to  form  the  compensator,  and  the 
other  cut  in  half  for  attachment  to  the  ends  of  the  "  bulb  "  wire. 
Several  kinds  of  mica  from  different  sources  were  tested  as  to 
their  suitability  for  use  as  insulating  material  for  the  frame  and 
washers  to  support  the  wires,  and  it  was  found  that  considerable 
discrimination  was  necessary  in  the  selection  of  the  rnica  for  this 
purpose.  Certain  qualities  which  were  colourless  before  heating 
became  on  exposure  to  only  800°  to  850°  C.  of  a  marked  brown  tint, 
and  it  was  found  in  one  case  this  was  due  to  organic  material 
having  been  used  to  fasten  together  several  sheets  to  build  up  the 
necessary  thickness,  the  carbonaceous  matter  leading  to  a  fall  in 
insulating  power  several  hundred  degrees  below  the  temperature 
at  which  good  mica  begins  to  appreciably  conduct,  which  ought 
not  to  be  lower  than  1150°  C.  In  another  case,  a  specimen  which 
showed  the  characteristic  silvery  white  lustre  after  several  hours' 
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exposure  to  1100°C.,  had  lost  so  much  of  its  mechanical  strength 
as  to  be  almost  unusable.  A  specimen  which  before  heating  was 
of  slightly  green  tint  was  finally  selected,  and  of  this  the  whole  of 
the  mica  frames  and  washers  were  constructed.  The  copper  wires 
connecting  the  platinum  leads  to  the  fusible  metal  caps  were 
silver-soldered  to  the  platinum,  and  for  extra  safety  against 
possible  strain  the  wires  were  screwed  into  the  caps  as  well  as 
hard  soldered.  In  order  to  be  protected  as  far  as  possible  from 
unsymmetrical  heating,  which  often  gives  rise  to  thermo-electric 
effects  in  certain  types  of  thermometer,  these  joints  between 
platinum  and  copper  are  arranged  so  as  to  be  well  inside  the 
brass  tube  into  which  the  glass  or  porcelain  protection  tube  is 
fastened.  The  thermometer  heads  are  of  ebonite,  and  are  of  the 
design  described  by  Barker  and  Chappuis  in  Phil.  Trans.  194, 
p.  52.  They  are  practically  airtight,  and  will  stand  vacuum  or 
pressure  for  a  considerable  time.  By  a  small  tap,  which  is 
generally  kept  closed,  communication  can  be  made  with  a  con- 
venient apparatus  for  exhausting  and  letting  in  dry  air  while  the 
thermometer  is  suitably  heated.  The  effect  of  electric  leakage  in 
lowering  the  apparent  resistance  of  a  platinum  thermometer  when 
damp  is  much  more  easily  traced  on  thermometers  of  5. or  10  ohms 
FI  than  on  the  usual  1  ohm  pattern  used  for  high  temperatures. 
With  the  thermometers  here  described,  having  the  enclosed  form 
of  head,  none  of  the  determinations  of  fixed  points  have  been 
found  to  be  vitiated  by  moisture,  care  having  been  taken  not 
to  expose  any  portion  of  the  interior  to  prolonged  contact  with 
the  outside  air,  after  once  being  thoroughly  dried  out  at  a  high 
temperature. 

The  mica  cross,  having  serrated  edges  with  teeth  of  1  mm. 
pitch,  being  attached  to  the  leads  and  compensator,  the  joints 
between  the  "  bulb  "  wire  are  made  in  the  strongly  oxidising  flame 
of  a  very  small  oxy-coal-gas  blowpipe  without  admixture  of  foreign 
material  of  any  description.  Autogenous  soldering  of  this  kind  i< 
not  very  difficult,  even  for  very  fine  wires,  and  is  essential  if  the 
thermometers  are  intended  for  use  to  the  highest  temperatures 
safely  measurable,  namely,  1150°C.,  as  the  copper  and  silver 
contained  in  any  solder  which  might  be  employed  give  off  vapour 
sufficient  to  injuriously  affect  the  platinum  on  prolonged  exposure 
to  a  temperature  considerably  below  this.  The  "  bulb  "  wire  when 
fastened  to  the  leads  is  then  wound,  not  too  tightly,  upon  the 
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mica  frame,  and  the  thermometer  is  then  inserted  into  its  pro- 
tecting tube  of  very  thin  glass  or  of  porcelain,  which  must  be 
glazed  on  the  exterior,  and  if  the  thermometer  is  not  intended 
for  use  above  about  1000°  C.,  may  with  advantage  be  glazed  both 
inside  and  out.  A  measurement  is  then  taken  of  the  fundamental 
interval,  with  a  view  to  ascertain  the  change  on  annealing,  which 
is  then  carried  out  by  heating  two  or  three  times  to  about  1000°  C. 
for  several  hours,  with  slow  cooling,  the  thermometers  with  glass 
tubes  being  temporarily  placed  in  porcelain  ones  for  this  purpose. 
The  fundamental  interval  is  then  taken  again,  and  if  this  is  not 
considered  sufficiently  near  the  desired  value,  it  can  be  lowered 
by  cutting  out  the  required  amount  from  the  looped  end  of  the 
wire  and  re-fusing,  or  raised  by  stretching  judiciously  with 
platinum-tipped  pliers  the  lowest  few  inches  of  the  wire,  which 
is  unwound  for  the  purpose.  Care  must  be  taken  after  each  re- 
adjustment to  remove  any  possible  new  strains  introduced  by  a 
thorough  re-anneal  before  measurement.  In  the  absence  of 
definite  evidence  in  its  favour,  it  was  not  deemed  desirable  for 
this  first  set  of  thermometers  to  heat  the  wire  for  some  hours 
electrically  to  1400°  or  1500°C.,  as  is  usual  in  careful  work 
with  wires  of  platinum  and  the  allied  metals  employed  for 
thermo-j  unctions. 

After  the  final  adjustment  of  the  FI  and  final  anneal, 
systematic  observations  of  the  zero,  steam,  and  sulphur  points 
of  the  four  thermometers  were  made  from  time  to  time  with  the 
resistance-box  described  in  the  text.  A  new  calibration  of  the 
box-coils  and  bridge  wire  was  made  in  February  1903,  and  the 

R 

values  of  the  relation  ~  and  of  the  8  found  since  that  date  are 

MQ 

tabulated  for  each  thermometer.  From  this  summary  it  will  be 
seen  that  there  appears  to  be  a  small  but  systematic  difference 
between  thermometers  1  and  3  on  the  one  hand,  and  2  and  4 

7) 

on  the  other,  this   being  noticeable  both  on  the  values  of  — 

MO 

and  of  S. 

The  values  of  —  vary  from  T38709  in  B.A.j  to  1'38881  in  B.A.,, 

HQ 

the  mean  of  the  four  being  1*38786,  which  is  a  little  higher  than 
the  mean  value  found  by  Chree  for  the  group  of  seven  thermo- 
meters studied  by  him,  namely,  1*38702. 
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The  mean  values  of  the  S  are : 
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— 

5 

Departure 
from  Mean 

B.A.3 

1-5124 

+  •0110 

B.A.j  

1-5083 

+  •0069 

B  A  4 

1  -4935 

—  •0079 

B.A  9 

T4912 

-•0192 

Mean  5  = 

1-5014 

— 

The  mean  B  of  the  six  thermometers  observed  in  sulphur  in 
Chree's  experiments  was  1*503,  the  maximum  being  1*509  and 
the  minimum  1*498.  The  mean  values  of  the  R0,  Rl)  and  FI  for 
the  period  from  February  12  to  August  31  are  also  given.  In 
view  of  the  uncertainties  in  the  measurement  of  the  temperature 
of  the  box-coils,  which  are  of  platinum-silver  not  immersed  in  a 
liquid,  and  also  of  small  irregularities  in  the  behaviour  of  the 
plug-contacts,  the  experiments  afford  no  certain  evidence  of 
systematic  change  in  any  of  the  thermometers,  unless  it  be  a 
small  rise  in  the  fundamental  coefficient  and  corresponding  fall  in 
the 


Date 

5 

4 

TJ 

Difference  of  — 

A,, 
from  Mean 

Feb.    6,  1903 
.,     23,     „ 
Aug.    7,     „ 
»     25,      „ 
5>     26,      „ 
„     31,      „ 

•514 
•505 
•506 
•505 
•514 
•506 

1  -38688 
1-38702 
1-38708 
1-38712 
1-38722 
1-38722 

-  -00021 
-  -00007 
-O0001 
+  •00003 
+  00013 
+  O0013 

Mean  1-5083 

1-38709 

Mean 

Value  of  Constants 

257-905              357-736 

99-831              l-r>083             1-38709 

B    A. 
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Thermometer  B.A.2,  which  was  heated  about  fifty  times  during 
November  1902  in  electric  furnaces  up  to  1050°,  and  again  during 
April  and  May  1903  to  similar  temperatures  for  prolonged  periods, 
appears  to  be  hardly  perceptibly  affected  by  it,  no  certain  change 
of  FI  occurring  during  the  period  February  12  to  August  18 
covered  by  the  later  experiments,  and  certainly  no  variation  of 
the  zero  of  -1° C. 

B.A.,. 


Date 

d 

1 

D 

Difference  of  — 
from  Mean 

Feb.  12,  1903 

1-484 

•38867 

-  -00014 

„     24, 

1-499 

•38877 

-  -00004 

»     24, 

1-495 

•38874 

-  -00007 

May  19, 

— 

•38876 

-  -00005 

July  30, 

1-497 

•38880 

-  -ooooi 

Aug.  18, 

1-489 

•38863 

-  -00018 

»     21, 

— 

•38901 

+  -00020 

„     24, 

— 

•38890 

+  -00009 

„     24, 

1-493 

•38889 

+  •00008 

„     26,      „ 

1-491 

•38892 

+  •000  11 

»          "•"•»           5) 

1-489 

•38882 

+  -ooooi 

Mean  1'4912 

1-38881 

Mean  Value  of  Constants 

RQ                                     Ri                                   FI                                   d 

JT 

257-172              357-163              99991              1-4912 

1-38881 

To  see  if  the  small  lack  of  homogeneity  of  the  wire  as  shown 
by  the  properties  of  the  different  thermometers  was  due  to  the 
treatment  it  had  received  during  the  successive  adjustments  of 
FI,  a  new  thermometer,  named  B.A.7,  was  made  up  of  wire  taken 
from  the  inner  end  of  the  same  reel  as  the  other  six.  No  attempt 
was  made  at  adjustment  of  its  FI,  which  was  found  after  thorough 
annealing  to  be  100-022  box  units. 

The  8  was  found  to  be  T506,  an  intermediate  value.  The 
wire  was  then  unwound  from  the  mica  frame  and  suspended 
freely  in  air  between  the  ends  of  the  leads,  and  a  current  of 
2^  amperes,  which  was  sufficient  to  maintain  it  at  about  1400°  C., 
was  passed  for  about  2  hours. 
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Owing  to  the  volatilisation  of  a  considerable  quantity  of 
platinum  from  the  wire,  a  large  increase  in  the  FI  was  found, 
as  was  expected,  but  the  8  remained  unchanged,  though  a  rise  in 

Tt 

jr  was  recorded  amounting  to  1  part  in  1000. 

In  order  to  make  certain  that  the  differences  observed  were 
not  due  to  defective  insulation  in  the  thermometers,  the  insulation 
resistance  between  the  thermometer  and  compensator  leads  of  each 
of  the  thermometers  was  measured  by  a  direct  deflection  method, 

B.A.3, 


Date 

d 

I 

T> 

Difference  of  ^~ 
from  Mean 

Feb.    9,  1903 

1-511 

1-38740 

+  -00010 

»     26, 

1-511 

1-38730 

+  -00000 

Aug.  10, 

1-509 

1-38714 

-•00016 

v     18, 

1-522 

1-38732 

+  •00002 

„     24, 

1-511 

1-38724 

-•00008 

,,     25, 

1-515 

1-38736 

+  •00006 

„     26, 

1-510 

1-38731 

+  •00001 

,,     31, 

1-510 

1-38738 

+  ;00008 

Mean  1-5124 

1-38730 

Mean 

Vah'.e  of  Constants 

258-367              358-434 

100-067             1-5124              1-38730 

and  found  to  be  in  no  case  less  than  700,000  ohms  at  any 
temperature  between  0°  and  1000°  for  B.A.j  and  B.A.2,  and  0°  and 
500°  for  B.A.s  and  B.A.4.  Some  experiments  were  also  made  on  an 
imitation  platinum  thermometer  having  its  coil  wound  on  mica  of 
standard  quality,  but  cut  at  the  lower  end  into  two  parts. 

Although  the  insulation  from  one  part  to  another  was 
practically  infinite  at  all  temperatures,  when  only  platinum  and 
mica  were  present  in  the  heated  part  of  the  porcelain  tube,  the 
introduction  of  a  small  piece  of  clean  copper  wire  into  the  hot 
space  near  the  bulb  was  sufficient  after  some  time  to  lower  the 
insulation,  even  at  only  about  800°  C.,  to  a  few  thousand  ohms. 

41—2 
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The  cause  of  the  differences  between  the  individual  thermometers 
does  not,  therefore,  appear  to  be  leakage. 

Neither  does  the  cause  of  the  small  differences  in  values  of  S 
found  lie  in  the  method  of  taking  the  sulphur  point,  as  the  same 

B.A.4< 


Date 

5 

1 

Difference  of  — 
from  Mean 

Feb.  11,  1903 
»     23,      „ 

„     26,      , 
Aug.  10,     , 
»     18,     j 
»     24,     , 
»     26,      , 
„     31,      , 

1-485 
•499 
•500 
•497 
•473? 
•497 
•494 
•503 

1-38816 
1-38833 

1-38826 
1-38835 

1-38825 
1-38812 
1-38826 

-•00009 
+  -00008 
+  -00001 
+  •00010 

+  -ooooo 

-  -00013 
+  -00001 

1-4935 

1-38825 

Mean  Value  of  Constants 

*o                        El                       FI                      S                       ^0 

257-627              357-616              99'989              1-4935              1-38825 

apparatus  was  used  in  the  same  way  for  all  the  experiments.  The 
sulphur  is  now  boiled  in  an  arrangement  similar  to  Callendar  and 
Griffiths's  well-known  pattern,  except  that,  to  avoid  the  necessity 
of  removing  the  tube  at  each  reheat  after  the  sulphur  has 
crystallised,  the  glass  boiling-tube  is  replaced  by  one  of  thin 
weldless  steel,  brazed  with  spelter  into  a  rather  wider  end-piece 

B.A.7. 


A) 

*I 

FI 

5 

*I 

#0 

257-749              357-771 

100-022 

1-506 

1-38806 

Thermomete 
270-036 

r  electrically  he* 
375-213 

ited  to  1400°  fo 
105-177 

r  2  hours 
1-506 

1-38949 
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of  thick  iron  tubing,  which  is  exposed  to  the  direct  flame  of  the 
large  bunsen  used  for  heating.  The  level  of  the  liquid  sulphur  ]-> 
always  maintained  at  least  2  inches  above  the  bottom  plate  of  the 
apparatus,  and  the  upper  level  of  the  vapour  to  a  definite  position, 
which  can  be  seen  through  mica  windows  in  the  upper  part  of  the 
neck.  Under  these  conditions  no  measurable  superheating  of  the 
vapour  has  ever  been  observed,  and  a  comparison  of  the  sulphur 
points  obtained  with  this  form  of  apparatus  with  those  got  in  the 
older  one,  with  glass  boiling-tube,  reveals  no  measurable  systematic 
difference. 

For  the  boiling-point  of  sulphur  under  normal  pressure  in 
latitude  45°  Callendar  and  Griffiths's  old  value,  444'53°C.,  has 
been  retained,  as  was  also  the  figure  deduced  by  them  from 

Regnault's    experiments   for    -=-•  for  sulphur,   namely,   0*082°  C. 

dp 

per  mm.,  although  it  has  been  shown  independently,  by  Chree 
and  by  Harker  and  Chappuis,  that  this  value  for  the  variation 
is  considerably  too  small.  It  is  hoped  that  a  redetermination  of 
this  constant  for  pressures  between  700  and  800  mm.  will  shortly 
be  undertaken  in  the  thermometric  laboratory. 


646      PRACTICAL   STANDARDS   FOR   ELECTRICAL   MEASUREMENTS 


APPENDIX  IV. 

The  following  table  gives  the  resistance  at  a  temperature  of 
60°  Fahr.  (15'55°  C.)  of  a  wire  of  pure  annealed  copper  1  metre  in 
length,  having  a  mass  of  1  gramme,  as  deduced  from  the  most 
recent  determinations. 

In  making  the  reductions,  the  values  for  the  temperature 
coefficient  and  for  the  density  given  by  the  author,  have  been 
used. 


Table  giving  Resistance  at  60°  Fahr.  of  a  Wire  of  Pure  Annealed 
Copper,  such  that  1  metre  iveighs  1  gramme. 


Authority 

Source  of  Copper 

Reference 

Value  in 
Ohm 

Fitzpatrick    

Electrolytic 

B  A  Report  1890 

0*1475 

Swan  and  Rhodin    
Do.    (second  sample)... 
Fleming  *  

Swan's  Copper 

"       ^  " 
Swan  s  Copper 

Proc.  R.  S.,  1894 
»         „      1894 
Phil  Mag    1893 

0-1493 
0-1486 
0-1487 

Lagarde  

Grammont  Electrolytic 

Hospitalier  1894 

0-1488 

Mean  value 

0-1486 

*  In  reducing   Professor  Fleming's    result,   the    density  has   been    taken    as 
9-91  grammes  per  c.c. 


THIRTY-FIRST  REPORT— CAMBRIDGE,  1904. 

APPENDIX  PAGE 

I.      On  Anomalies  of  Standard  Cells.     By  F.  E.  SMITH.     (From  the 

National  Physical  Laboratory]   .        .         .        .         .        .       651 

II.     On  the  Electromotive  Force  of  Claris  Cell.    By  A.  P.  TROTTER      661 

THE  Committee  desire  to  record  their  deep  regret  at  the  death 
of  their  colleague,  Professor  Everett.  He  had  been  a  member  of 
the  Committee  almost  since  its  commencement.  He  attended  the 
meeting  at  which  the  present  Report  was  considered.  His  work 
in  connexion  with  the  c.G.S.  system  of  units  is  of  great  importance 
and  has  proved  of  very  real  value  to  science. 

The  Committee  are  glad  to  report  that  during  the  year  con- 
siderable progress  has  been  made  with  the  construction  of  the 
Ampere  Balance.  Mr  L.  Oertling  has  constructed  the  weighing 
mechanism,  which  has,  however,  not  yet  been  taken  over  by  this 
Committee,  and  the  electrical  parts  of  the  instrument  are  nearing 
completion  in  the  workshops  of  the  National  Physical  Laboratory. 
The  following  particulars  of  progress  and  of  applied  tests  may  be 
of  interest. 

1.  The  weighing  mechanism.     The  castings,  rods,  tubes,  screws, 
etc.,  intended  for  this  had  their  magnetic  permeability  determined, 
and  no  part  used  in  the  construction  has  a  permeability  differing 
from  unity  by  more  than  O'OOl  per  cent. 

The  balance  was  examined  for  stability  and  sensitiveness  at 
Messrs  Oertling's  works  with  satisfactory  results ;  a  difference  of 
one-tenth  of  a  milligramme  may  be  detected. 

2.  The  marble  cylinders  and  fittings.     Insulation  and   per- 
meability tests  were  made  on  various  samples  of  marble  early  in 
the  year ;  eventually  First  Statuary  Carrara  Marble  was  chosen  as 
most  suitable  for  the  work.     An  experimental  marble  cylinder 
was  wound  with  a  double  helix  and  the  insulation  satisfactorily 
carried  out ;  the  results  of  the  tests  leave  little  doubt  as  to  the 
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advantages  of  the  double  helix.  The  winding  of  both  suspended 
cylinders  has  now  been  completed,  and  it  is  anticipated  that 
the  fixed  cylinders  will  be  finished  in  September.  The  linear 
measurements  and  insulation  tests  have  yet  to  be  made.  Unless 
unforeseen  difficulties  arise  the  balance  equipment  should  be  com- 
pleted, and  the  whole  ready  for  preliminary  observations,  by  the 
end  of  the  year. 

During  the  early  part  of  the  year  Mr  F.  E.  Smith  completed 
his  researches  into  the  construction  of  a  mercury  unit  of  resistance, 
of  which  some  account  was  given  in  the  last  Report.  The  results 
have  been  communicated  to  the  Royal  Society  and  are  being 
published  in  the  Philosophical  Transactions.  The  values  of  the 
various  tubes  (eleven  in  number)  are  very  accordant,  and .  a 
mercury  standard  of  resistance  of  a  high  degree  of  accuracy  now 
exists.  Since  the  completion  of  his  work  the  specification  of  the 
Clark  cell  has  engaged  Mr  Smith's  attention,  and  a  detailed 
account  of  his  work  forms  an  Appendix  to  the  present  Report. 
Mr  Smith  has  amply  confirmed  the  result  of  previous  investi- 
gators that  the  greater  part  of  the  difficulty  in  obtaining  entirely 
concordant  results  for  the  various  cells  set  up  by  different  ex- 
perimenters is  due  to  the  mercurous  sulphate.  He  describes 
three  methods  of  preparing  the  paste  which  lead  to  identical 
results,  and  which  have  the  advantage  that  cells  set  up  with  these 
pastes  have  the  same  E.M.F.  within  one  or  two  hundred  thousandths 
of  a  volt  immediately  after  manufacture.  In  the  first  method 
due  to  Professor  Divers  and  Mr  Shimidzu  the  paste  is  prepared  by 
the  action  of  fuming  sulphuric  acid  on  mercury;  in  the  second, 
following  Professor  Carhart,  it  is  prepared  by  the  electrolysis  of 
weak  sulphuric  acid  and  mercury;  while  in  the  third  mercurous 
sulphate  is  dissolved  over  a  water  bath  in  sulphuric  acid :  the 
acid  solution  is  then  poured  into  a  large  volume  of  distilled  water 
and  the  mercurous  sulphate  is  precipitated  in  a  pure  form.  In 
all  cases  it  is  important  that,  as  advised  by  Mr  Swinburne  and 
Professor  Carhart,  the  salt  should  be  washed,  for  a  Clark  cell,  with 
zinc  sulphate,  and  for  a  cadmium  cell  with  cadmium  sulphate,  and 
not  with  distilled  water.  Mr  Smith  is  continuing  his  inquiries 
and  hopes  shortly  to  be  able  to  issue  a  complete  specification 
for  Clark  and  cadmium  cells.  The  completion  of  the  Ampere 
Balance  will  enable  an  absolute  determination  of  their  E.M.F.  to 
be  made. 
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The  Committee  regret  to  report  that  no  further  progress  has 
been  made  since  their  last  Report  with  the  experiments  to  deter- 
mine the  permanence  and  reliability  of  the  platinum  resistance 
thermometers  described  in  that  Report. 

It  was  pointed  out  last  year  that  a  special  resistance  box  was 
required  to  enable  the  work  to  continue ;  unfortunately  the  funds 
necessary  for  its  purchase  were  not  forthcoming,  and  the  work  has 
remained  stationary  for  a  year. 

The  Committee  would  consider  it  most  unfortunate  if  work  of 
a  very  real  importance  on  which  a  start  has  already  been  made 
and  considerable  funds  expended  in  the  purchase  and  investiga- 
tion of  pure  platinum  wire  should  lapse  for  want  of  support,  and 
they  trust  that  their  recommendation  in  favour  of  the  continuance 
of  the  work  may  this  year  be  accepted. 

Meanwhile  they  would  call  attention  to  the  very  complete  com- 
parison up  to  a  temperature  of  1000°  C.  between  the  constant 
volume  nitrogen  thermometer,  the  platinum  resistance  thermo- 
meter, and  the  platinum — platinum-rhodium  thermo-couple  com- 
municated recently  from  the  National  Physical  Laboratory  to  the 
Royal  Society  by  Dr  Barker. 

The  Committee  have  received  a  cordial  invitation  to  co-operate 
in  the  Electrical  Conference  at  St  Louis  during  the  forthcoming 
autumn,  and  have  asked  Professor  Perry  and  the  Secretary,  who 
are  attending  as  delegates  of  the  Institution  of  Electrical 
Engineers,  to  represent  their  views  on  two  questions  of  special 
interest. 

The  first  of  these  relates  to  a  proposal  by  Professor  Carhart  to 
substitute  the  saturated  cadmium  or  Weston  cell  for  the  Clark 
cell  as  a  recognised  standard  of  E.M.F.  The  Committee  are  aware 
that  the  fact  that  the  temperature  coefficient  of  the  cadmium 
cell  is  one-twentieth  of  that  of  the  Clark  cell  offers  many  valuable 
advantages,  but  in  view  of  the  fact  that  experiments  designed  to 
lead  up  to  a  satisfactory  specification  of  the  cell  are  in  progress 
at  the  National  Physical  Laboratory,  and  that  the  completion  of 
the  Ampere  Balance  would  enable  the  absolute  E.M.F.  of  the  cell 
to  be  determined,  the  following  resolution  was  passed  at  the  last 
meeting : — 

"The  Committee  are  not  prepared  at  present  to  displace  the 
Clark  cell  and  prefer  to  wait  for  the  conclusion  of  the  experiments 
at  the  National  Physical  Laboratory,  and  with  the  new  balance, 
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before  coming  to  a  decision  as  to  the  value  to  be  assigned  to  the 
E.M.F.  of  the  saturated  cadmium  cell." 

The  second  question  relates  to  certain  proposals  as  to  nomen- 
clature which  are  to  be  brought  forward  by  Dr  Kenelley.  These 
are  (A)  that  a  systematic  nomenclature  should  be  agreed  upon  for 
magnetic  units,  and  (B)  that  the  prefix  "  Abs  "  should  be  used  to 
indicate  that  a  unit  is  given  in  the  absolute  C.G.S.  electro-magnetic 
system,  and  "  Abstat "  to  indicate  that  the  unit  in  question  is  in 
the  absolute  C.G.S.  electrostatic  system. 

Thus  an  "  Abs  "  volt  would  be  the  C.G.S.  electro-magnetic  unit  of 
E.M.F.  and  an  "  Abstat "  volt  the  C.G.S.  electrostatic  unit  of  E.M.r. 

These  proposals  have  been  discussed  by  the  Committee,  who 
have  agreed  to  the  following  resolution : — 

"  With  regard  to  the  choice  of  magnetic  units  the  Committee 
are  of  opinion  that  the  only  two  systems  which  need  to  be  con- 
sidered are  the  C.G.S.  system  and  the  Ampere- Volt-Ohm  system, 
and  that  the  quantities  to  be  named,  if  any,  are 

(1)  Magnetic  Potential, 

(2)  Magnetic  Flux*, 

(3)  Magnetic  Reluctance. 

Of  the  above  two  alternatives  the  Committee  are  in  favour  of  the 
C.G.S.  system  as  that  on  which  to  base  any  nomenclature  of  mag- 
netic units,  but  are  of  opinion  that  a  system  of  nomenclature  is  not 
called  for." 

The  Committee  disagree  with  Dr  Kenelley's  prefixes  for  the 
absolute  electro-magnetic  and  absolute  electrostatic  systems  of 
units,  and  express  the  opinion  that  no  system  of  prefixes  should 
be  employed  in  which  each  prefix  does  not  bear  some  definite 
numerical  signification. 

In  view  of  the  work  still  necessary  with  regard  to  the  Ampere 
Balance,  the  cadmium  cell,  and  the  platinum  standard  of  tempera- 
ture, the  Committee  recommend  that  they  be  reappointed,  with  a 
grant  of  £50,  that  Lord  Rayleigh  be  Chairman,  and  Dr  R.  T. 
Glazebrook  Secretary. 

*  The  name  "  Maxwell"  was  recommended  by  the  Paris  Congress,  1900,  as  the 
name  of  this  unit,  and  this  recommendation  was  adopted  by  the  Committee  at 
Bradford. 
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APPENDIX  I. 

OR  Anomalies  of  Standard  Cells.    By  F.  E.  SMITH. 
(From  the  National  Physical  Laboratory.} 

During  the  past  two  years  certain  anomalies  of  Clark  and  of 
cadmium  cells  have  been  under  investigation  at  the  National 
Physical  Laboratory.  The  work  is  still  far  from  completion,  but 
the  essential  results  so  far  obtained  are  given  in  this  paper. 

In  March  1902  some  experiments  at  Bushy  House  resulted  in 
the  detection  of  the  depolariser  employed  in  both  standards  as  the 
great  disturbing  element.  Lord  Rayleigh,  in  his  paper  in  the 
Phil.  Trans,  for  1885,  §  44,  had  shown  this  to  be  the  case,  and 
Mr  Swinburne  arrived  at  the  same  conclusion  in  1891*,  while 
recently  in  America  Professor  H.  S.  Carhart  and  Mr  G.  A.  Hulett 
have  traced  the  variations  in  E.M.F.  of  the  cadmium  cell  to  the 
same  source.  A  new  specification  of  the  mode  of  manufacture  of 
the  paste  was  thought  to  be  desirable,  and  this  problem  was  the 
first  to  receive  attention. 

In  order  to  be  independent  of  the  variations  of  the  other 
elements,  cells  were  constructed  of  a  type  indicated  by  the 
arrangement 

Hg — Paste — Solution  and  Crystals — Paste — Hg 

(«)  W 

where  a  and  b  represent  pastes  made  with  different  samples  of 
mercurous  sulphate.  The  Rayleigh  H  form  of  vessel  was 
employed.  Preliminary  observations  showed  that  when  the  same 
paste  occupied  the  two  limbs,  such  a  cell  had  no  measurable  E.M.F. 
In  addition  a  cell  typified  by  the  arrangement 


Amalgam 


— 


- 


|_    Solution    ._g-_ 
^     and  Crystals     ^^     cfo1 
k 


Paste  (B) 


See  B.  A.  Report,  Cardiff  1891. 
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was  largely  employed,  a  four-limb  vessel,  similar  to  two  Rayleigh 
H  form  of  vessels  crossed,  being  used  to  set  up  the  cell.  In 
this  case  there  is  one  negative  pole  and  three  positive  ones,  and 
the  E.M.F.  between  any  two  of  them  may  be  measured.  Such  a 
cell  not  only  indicates  whether  a  particular  paste  is  abnormal  or 
not,  but  each  of  the  three  groups  of  elements  may  be  compared 
with  an  external  standard.  It  is  possible,  of  course,  that  a  change 
resulting  in  one  of  the  pastes  may  affect  the  neutrality  of  the 
solution,  and  so  affect  the  E.M.F.  of  all  three  groups.  All  obser- 
vations were  made  in  a  constant  temperature  room,  the  cells  being 
immersed  in  paraffin  oil. 

TABLE  I. 


Clark  Cell, 

Clark 

Cell,  No.  1  (4  1 

irnbs) 

No.  28 

Date  of 

(2  limbs) 

Observation 

H>E 

K>R 

H>K 

H>K 

Sept.    8,  1902. 

+  0-002  13 

+  0-00047 

+  0-00166 

+  0-00168 

Sept.  30,     „    . 

195 

45 

150 

104 

Oct.  23,      „    . 

150 

46 

104 

79 

Dec.  2,        „    . 

123 

43 

80 

59 

Feb.  24,  1903  . 

94 

42 

52 

No  observ. 

June  24,     „     . 

62 

37 

25 

-  5 

Nov.  2,      „     . 

37 

30 

7 

-32 

Feb.  6,  1904    . 

27 

41 

-0-00014 

-50 

July  9,     „       . 

-o-ooooi 

51 

52 

-70 

The  earlier  results  of  the  investigation  are  omitted,  but  the 
differences  in  E.M.F.  due  to  pastes  made  from  purchased  samples 
of  mercurous  sulphate  are  shown  by  measurements  made  of  cell 
No.  1  (4  limbs)  and  cell  No.  28  (2  limbs),  the  observations  covering 
a  period  of  rather  more  than  two  years.  The  pastes  have  been 
distinguished  by  the  letters  K,  H,  and  R ;  all  were  subjected  to 
the  same  treatment  and  advantage  taken  of  the  latest  methods  for 
their  preparation. 

It  is  clear  that  although  the  effect  of  each  paste  is  not  known 
two  of  them  have  certainly  changed,  of  which  one  is  K.  In  the 
chart  curve  H>R  shows  the  change  in  E.M.F.  of  the  H  group, 
assuming  the  R  group  to  remain  constant ;  similarly  the  H>K 
curve  represents  the  change  in  voltage  of  this  group,  K  being 
assumed  constant,  and  like  remarks  apply  to  the  third  curve. 
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There  is  a  sudden  break  in  the  directions  of  the  curves  H  >  K 
and  K  >  R  after  the  observations  of  November  2,  while  none 
is  shown  in  H>R\  the  deflections  consequently  indicate  that 
the  element  K  must  have  changed  in  an  abnormal  fashion. 
Indeed  between  November  2,  1903,  and  July  9,  1904,  the  E.M.F. 
of  the  K  group  apparently  increased  by  at  least  0'0003  volt ;  a 
rise  of  exceptional  magnitude.  A  fall  in  voltage  is  the  usual 
feature. 

The  fact  that  the  E.M.F.  of  a  cell  had  changed  by  as  much  as 
0*16  per  cent,  was  very  disconcerting.  It  is  true  that  a  difference 
between  H  and  R  was  anticipated,  for  H  was  a  pale  yellow 
colour,  while  R  was  grey.  On  the  other  hand  the  paste  K  was 
also  slightly  yellow,  yet  no  such  difference  is  observed  between 
K  and  R.  It  was  thought  that  the  mode  of  manufacture 
of  the  sulphate  might  influence  the  properties  of  the  product. 
Mercurous  sulphate  is  often  prepared  by  precipitation,  either 
Hg2(N03)2  and  Na,SO4  or  Hg2(N03)2  and  H2S04  being  em- 
ployed ;  traces  of  the  resulting  nitrate  in  the  final  product  would 
certainly  introduce  a  disturbing  element.  Again  mercurous 
nitrate  is  often  associated  with  a  basic  nitrate,  and  basic  salts  are 
to  be  avoided,  as  will  afterwards  be  seen.  Samples  of  the  salts 
were  prepared  by  these  precipitation  methods  and  the  results 
were  far  from  satisfactory.  Two  samples  of  the  sulphate  were 
also  obtained  from  the  same  manufacturer ;  the  Clark  cells  pre- 
pared with  these  differed  in  E.M.F.  by  0'0004  volt;  both  were 
subjected  to  the  same  treatment  and  there  was  no  observable 
difference  in  colour. 

A  more  satisfactory  specification  of  the  depolariser  being 
desirable,  other  modes  of  manufacture  eliminating  the  above 
troublesome  elements  were  sought.  Concentrated  sulphuric  acid 
and  mercury  react  very  slowly  at  ordinary  temperatures,  but  much 
more  rapidly  at  temperatures  approximating  to  300°  C.  The 
resulting  salt  is  associated  with  H2SO4,  which  probably  is  not 
very  difficult  to  remove  if  the  salt  be  in  a  fine  state  of  division. 
Dr  Muirhead  has  prepared  mercurous  sulphate  in  this  way  and 
forwarded  two  Clark  cells  containing  the  product  to  Bushy 
House.  A  second  method  of  preparation  due  to  Divers  and 
Shimidzu  is  reported  in  the  Journal  of  the  Chemical  Society  (XLVII. 
639).  Briefly,  pure  mercury  and  fuming  sulphuric  acid  saturated 
with  S03  are  brought  into  contact.  They  react  in  the  cold,  though 
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there  is  no  visible  evidence  for  some  time  owing  to  the  solubility 
of  Hg2S04  in  the  liquid ;  the  acid  also  becomes  saturated  with  S02. 
If  the  main  portion  of  the  liquid  be  removed  from  the  resulting 
salt,  this  latter  may  be  freed  from  SO2  by  warming;  mercurous 
sulphate  associated  with  H2SO4  is  thus  obtained.  The  acid  is 
removed  by  washing.  Dr  Carpenter  has  prepared  five  samples  of 
the  salt  in  this  way ;  they  were  made  from  five  lots  of  the  fuming 
acid  from  different  manufacturers  and  mercury  distilled  in  vacuo 
at  the  laboratory.  These  sulphates  were  examined  in  four-limb 
cells  of  the  cadmium  type;  the  results  of  the  observations  are 


200 


150 


100  -^ 


50 


0-0 


100 


SEP 


1902 


1904 


given  in  Table  II.  The  standard  of  reference  is  cell  No.  W  17,  a 
cadmium  cell  more  than  two  years  old  and  known  to  have  changed 
but  little  since  its  manufacture. 

The  pastes  52a,  53a,  54a  were  prepared  with  the  same  sample 
of  Hg2SO4;  it  was  purchased  and  prepared  in  a  similar  manner 
to  the  sulphates  dealt  with  in  Table  I.  546  was  also  a  purchased 
sulphate.  The  remaining  specimens  were  prepared  by  Divers' 
method. 

It  will  be  observed  that  all  the  pastes  change  so  as  to  reduce 
the  E.M.F.  of  the  cell ;  but  whereas  the  E.M.F.  of  the  cells  prepared 
with  purchased  sulphates  is  greater  than  that  of  W 17,  those 
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made  up  with  the  Nordhausen  sulphates  have  in  each  case  lower 
E.M.F.'s.  Cell  No.  526  is  fxivptioiml  in  the  fall  of  its  voltage. 
The  difference  in  the  prepared  pastes,  though  small,  condemns 
part  of  the  method  of  preparation,  and  further  investigation 
became  necessary. 

TABLE  II.     E.M.F.  of  Cadmium  Cells  minus  E.M.I',  of  W  17. 
Differences  in  hundredths  of  a  millivolt. 


C< 

3ll  NO. 

52 

C( 

$11  No. 

53 

C< 

ill  No. 

•>4 

Date  of 

Observation 

a 

b 

c 

a 

b 

c 

a 

b 

c 

April    4,  1904  .. 

+  38 

-21 

-19 

+  38 

-14 

-13 

+  38 

+  14 

-18 

April  18,     „     .. 

+  35 

-30 

-20 

+  39 

-13 

-14 

+  3  :> 

+  13 

-18  ! 

May     3,     „     .. 

+  30 

-43 

-20 

+  32 

-14 

-14 

+  34 

+  12 

-19 

June  13,     „     .. 

+  27 

-50 

-21 

+  32 

-14 

-14 

+  34 

+  10 

-19 

July     9,     „     .. 

+  23 

-54 

-21 

+  30 

-14 

-15 

+  34 

+  10 

-20 

The  method  of  preparation  adopted  by  Dr  Carpenter  was  at 
first  repeated.  Close  observation  showed  that  on  formation  the 
sulphate  cakes  considerably,  and  is  accompanied  at  the  surface  of 
contact  with  the  mercury  by  a  compound  of  a  light  brick-red 
colour.  If  without  freeing  from  the  acid  or  S02  the  product  is 
added  to  distilled  water,  reduction  of  part  of  the  sulphate  appa- 
rently occurs,  mercury  is  precipitated  as  a  black  powder,  and  the 
red  compound  entirely  disappears.  (The  mercury  thus  precipitated 
is  a  valuable  addition  to  the  paste,  the  conversion  of  mercuric 
sulphate  to  the  mercurous  condition  being  rendered  possible  by 
its  presence.)  The  salt  produced  by  freeing  the  first  product  from 
SO2  also  loses  the  brick-red  tint,  and  is  finally  obtained  as  a  pure 
white  paste.  On  prolonged  washing  with  water,  however,  hydro- 
lysis results  and  the  colour  changes  to  pale  yellow.  Two  samples 
of  hydrolysed  mercurous  sulphate  were  thus  prepared,  the  one 
being  washed  for  one  hour  with  water  and  the  other  for  twenty- 
four  hours.  An  experimental  cell  indicated  that  the  more  hydro- 
lysed product  if  employed  to  set  up  a  cadmium  cell  would  cause 
the  E.M.F.  of  that  cell  to  be  greater  by  0'00064  volt  than  if  prepared 
with  the  first  sample.  The  presence  of  this  hydrolysed  product  is 
therefore  to  be  avoided,  and  washing  by  water  prohibited. 
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About  this  time,  through  the  kindness  of  Professor  Ayrton, 
the  results  of  some  experiments  by  Professor  H.  S.  Carhart  and 
Mr  G.  A.  Hulett,  of  the  University  of  Michigan,  were  com- 
municated to  the  Laboratory.  Professor  Carhart  has  also  sought 
a  standard  method  of  preparing  the  depolariser,  and  suggests  that 
any  prepared  sulphate  be  washed  with  cadmium  sulphate  (or  zinc 
sulphate  for  Clark  cells)  in  order  to  prevent  hydrolysis.  Prior  to 
this,  Mr  Swinburne,  in  a  letter  to  Dr  Glazebrook,  suggested  the 
precipitation  of  the  sulphate  intended  for  Clark  cells  from  saturated 
solutions  of  mercurous  nitrate  and  zinc  sulphate,  the  washing  to 
be  effected  with  alcohol  or  saturated  zinc  sulphate  solution. 

Omitting  the  description  of  further  experiments,  the  final 
mode  of  preparing  the  mercurous  sulphate  for  standard  cells  is 
here  given. 

Fuming  sulphuric  acid  saturated  with  S03  (32  per  cent,  of 
SO3  is  a  convenient  specification)  is  added  to  sufficient  pure 
distilled  mercury  to  ensure  the  latter  being  always  in  excess. 
The  mercury  should  be  contained  in  a  clean  glass  vessel  and 
violently  agitated  by  a  glass  stirrer,  so  that  the  product  may  be 
in  a  fine  state  of  division.  After  seven  or  eight  hours  the  reaction 
will  be  sufficiently  advanced  for  the  sulphate  to  be  separated  from 
the  acid,  but  if  convenient  the  action  may  go  on  for  some  days. 
Carefully  pour  off  as  much  of  the  strong  acid  as  possible  into  a 
large  volume  of  water  or  into  an  empty  vessel,  and  afterwards  add 
the  pasty  product  to  thirty  or  forty  times  its  bulk  of  distilled 
water.  Mercury  is  precipitated  and  a  considerable  quantity  of 
heat  is  evolved  owing  to  the  dilution  of  the  acid.  A  few  minutes 
suffice  for  the  sulphate  to  settle,  when  the  acid  liquid  may  be 
decanted  and  the  salt  well  washed  by  agitation  with  acidulated 
water  (1  part  of  cone.  H2S04  to  10,000  parts  of  distilled  water). 
Filtering  follows,  a  filter  pump  being  employed  to  effect  ex- 
haustion. It  is  advisable  next  to  pound  the  damp  sulphate 
thoroughly  in  an  agate  mortar  to  ensure  the  absence  of  small 
caked  masses,  after  which  acidulated  water  is  again  added,  filtering 
effected,  and  the  salt  washed  on  the  filter-paper  with  two  or  three 
lots  of  neutral  saturated  cadmium  sulphate  solution  (or  zinc 
sulphate  solution  for  Clark  cells).  The  salt  is  now  removed  to  a 
small  flask,  saturated  cadmium  sulphate  solution  added,  and  the 
whole  well  shaken  and  then  allowed  to  stand  for  twenty-four 
hours.  Filtering  follows,  then  three  more  washings  with  cadmium 
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sulphate  solution,  removal  to  a  flask  once  more  with  CdS04 
solution,  and  at  the  end  of  twenty-four  hours  the  solution  should 
still  be  neutral  to  Congo  red.  If  so,  the  sulphate  may  be  filtered 
and  is  ready  for  the  manufacture  of  the  paste.  The  whole  of  the 
operations  should  be  conducted  in  a  room  screened  from  sunlight. 
As  thus  prepared  the  mixture  of  mercurous  sulphate  and  mercury 
is  of  a  dark  grey  colour.  Cells  set  up  with  paste  prepared  from 
it  require  no  ageing,  and  the  constancy  obtained  with  pastes  made 
from  materials  obtained  from  different  sources  is  an  indication  of 
the  purity  of  the  salt. 

Table  III.  gives  the  results  of  comparisons  between  cadmium 
cells  set  up  with  pastes  prepared  in  this  way  and  cadmium  cell 
TF17.  The  latter  in  every  case  has  the  greater  E.M.F.  Differences 
are  expressed  in  hundredths  of  a  millivolt. 

TABLE  III. 


C< 

ill  No.  1 

3G 

C 

3ll  NO. 

67  ' 

C 

ell  No. 

G8 

Date  of 

Observation 

a 

b 

c 

a 

b 

c 

a 

b 

c 

May  12,  1904... 

-24 

-26 

-24 

_ 

_ 

_ 

_ 

_ 

_ 

„      12, 

-21 

-205 

-22 

— 

— 

— 

— 

— 

— 

„      12, 

-206 

-205 

-21 

— 

— 

— 

— 

— 

— 

„      16, 

— 

— 

— 

-27 

-25 

-28 

— 

— 

— 

„      16, 

— 

— 

— 

-22 

-21 

-  21 

— 

— 

— 

„      16, 

-21 

-20 

-20 

-21 

-21 

-20 

— 

— 

— 

June  13, 

— 

— 

— 

— 

— 

— 

-29 

-29 

-27 

,,      13, 

— 

— 

— 

— 

— 

— 

-23 

-22 

-23 

„      13, 

-21 

-206 

-21 

-20 

-205 

-19 

-21 

-20 

-19 

July    6, 

-21 

-21 

-20 

-195 

-20 

-19* 

-20 

-21 

-20 

„        9,           ... 

-205 

-206 

-20 

-20 

-21 

-20 

-20 

-206 

-.9, 

The  first  set  of  observations  with  each  cell  was  made  about 
five  minutes  after  adding  the  solution ;  the  second  set  of  observa- 
tions about  twenty  minutes  afterwards ;  and  the  third  set  three 
hours  afterwards.  For  the  first  two  sets  of  observations  the  tem- 
perature of  the  four-limb  cells  was  unsteady;  for  the  remaining 
observations  they  and  W 17  were  at  the  same  steady  tempera tuiv. 
Other  cells  of  the  Rayleigh  H  form  have  been  constructed,  and 
the  comparisons  are  equally  satisfactory. 

An  alternative  method  of  preparing  the  salt  was  next  sought. 

42 
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This  second  method  is  very  simple.  Any  purchased  sample  of 
mercurous  sulphate  is  heated  together  with  mercury  and  con- 
centrated H2S04  on  a  water-bath  for  half  an  hour,  the  mixture 
being  stirred  occasionally.  At  the  end  of  that  time  the  remaining 
solid  is  allowed  to  settle  and  the  hot  clear  acid  carefully  poured 
into  a  large  volume  of  distilled  water.  Mercurous  sulphate  is 
soluble  to  a  considerable  extent  in  hot  concentrated  H2SO4; 
the  result  of  the  dilution  is  to  precipitate  the  salt.  As  thus 
produced  the  mercurous  sulphate  is  in  a  finely  divided  state 
and  of  a  pure  white  colour.  It  is  well  to  ab  once  admix 
with  a  little  mercury  and  filter.  The  washing  is  performed  as 
before.  Portions  of  three  purchased  samples  of  Hg2SO4  were 
dealt  with  in  this  way,  and  after  treatment  gave  identical  results 
with  cells  dealt  with  in  Table  III.  The  three  original  samples 
prepared  in  the  ordinary  way  produced  cells  differing  in  E.M.F. 
from  the  standard  by  40,  JL60,  and  10  hundredths  of  a  millivolt. 
A  third  method  devised  by  Professor  Carhart  does  not 
necessitate  the  use  of  concentrated  acid.  In  order  to  hasten 
the  reaction  between  mercury  and  dilute  sulphuric  acid  (one  to 
six)  an  electric  current  is  passed  from  the  mercury  to  a  sheet 
of  platinum  foil  suspended  in  the  liquid.  It  is  essential  that 
the  liquid  be  kept  well  stirred  so  as  to  keep  the  mercury 
surface  exposed.  Professor  Carhart  has  employed  a  beaker  or 
crystallising  dish  to  contain  the  liquids,  and  used  a  current  of 
about  0'3  ampere ;  the  current  density,  however,  is  not  stated. 
At  Bushy  House  the  salt  so  produced  has  been  compared  with 
those  prepared  by  the  .two  previous  methods.  Under  ordinary 
circumstances  about  three  grams  of  the  salt — very  grey  owing  to 
the  presence  of  mercury  in  a  fine  state  of  division — is  obtained 
per  hour.  The  current  density  at  Bushy  House  has  been  about 
O'Ol  ampere.  It  was  gratifying  to  find  that  the  product  (washed 
as  before)  gave  identical  results  with  the  other  methods.  Very 
violent  agitation  was  maintained  during  the  preparation.  When 
the  liquid  is  not  stirred  a  yellow  compound  (apparently  turpeth 
mineral  HgS04 .  2HgO)  is  also  produced,  and  cells  the  pastes  of 
which  are  prepared  with  the  product  have  an  E.M.F.  when  first  set 
up  more  than  a  millivolt  higher  than  the  normal.  Particular 
stress  must  therefore  be  laid  on  the  instruction  to  keep  the 
mercury  surface  well  exposed.  The  same  thing  was  found  to 
happen  when  attempting  to  form  mercurous  sulphate  by  the 
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electrolysis  of  a  saturated  cadmium  sulphate  solution  in  an  H-form 
vessel,  the  electrodes  being  pure  mercury. 

It  will  be  observed  that  the  remarks  on  the  depolariser  apply 
equally  to  Clark  and  to  cadmium  cells.  Cadmium  cells  alone 
were  made  up  in  the  final  tests  because  of  their  small  temperatun 
coefficients;  but  Clark  cells  have  also  been  set  up  and  similar 
results  obtained.  It  is  also  necessary  to  add  that  all  purchased 
samples  of  Hg2SO4  are  not  so  abnormal  as  those  dealt  with  in 
Table  I,  nor  does  the  E.M.F.  of  an  abnormal  cell  always  fall  so 
rapidly  as  is  indicated  there.  (The  rate  of  fall  is  probably  a 
function  of  the  fineness  of  the  sulphate.)  Evidence  of  re- 
markably stable  cells  set  up  with  purchased  mercurous  sulphate 
is  afforded  by  six  cadmium  cells  made  at  Bushy  House  in  April 
1902 :  these  have  been  in  constant  use,  and  in  the  case  of  two  of 
them  have  frequently  been  short-circuited  through  100  ohms. 
One  of  these  cells  is  taken  as  a  standard  in  the  comparisons.  By 
reference  to  a  seventh  cell  made  up  in  June  1904  with  a  paste 
made  from  sulphate  identical  with  that  employed  for  the  previous 
ones  it  is  thought  probable  that  the  whole  six  cells  have  fallen  0'07 
millivolt  since  their  manufacture.  Table  IV.  gives  the  result  of 
the  comparisons. 

TABLE  IV. 


Date  of  Observation 

16>17          16>18 

16>19 

16>20 

16>21 

May     5,  1902... 

•ooooo       -ooooo 

•ooooo 

•ooooo 

OOOOO 

Sept.  12,     „    ... 
Feb.    25,  1903... 

0      +          1 
0                  0 

0 
0 

+          1 
0 

0 
0 

Dec.    14,     „    ... 

+          05  I  -          05 

0 

0 

+          06 

Feb.     6,  1904... 

0                   0 

0 

<>                  0 

July     9,     „    ... 

+               <>5   I    +               05 

1, 

0 

1 

1                     1 

At  the  present  time  the  E.M.F.  of  a  cadmium  cell  set  up  with 
a  paste  made  from  fuming  sulphuric  acid  and  mercury  is  less  than 
that  of  these  cells  by  0'21  millivolt. 

With  respect  to  the  other  elements  of  standard  cells  it  is 
proposed  to  investigate  the  cadmium  and  zinc  amalgams,  and  the 
solutions  of  the  sulphates  of  these  metals,  in  a  manner  very 
similar  to  that  employed  for  the  pastes.  Much  valuable  informa- 
tion has  fortunately  accumulated  respecting  the  influence  of 
impurities  in  these,  so  that  probably  the  task  is  a  light  one.  It 
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is  interesting  to  note  that  neither  of  the  amalgams  should  have 
its  surface  exposed  to  the  atmosphere  for  any  length  of  time ;  it 
is  preferably  covered  with  acidulated  water  or  a  solution  of  the 
sulphate  of  the  metal.  This  prevents  oxidation.  In  addition  to 
these  investigations  the  effects  of  acidity  and  basicity  are  to  be 
determined,  together  with  observations  in  connexion  with  lag, 
polarisation,  temperature  coefficients,  etc. 

Remarks  on  the  Rayleigh  H  Form  and  the  Board  of  Trade 
Tube  Form  of  Standard  Cells. 

In  1892  Dr  Kahle,  in  a  paper  read  before  the  British  Associa- 
tion at  Edinburgh,  described  some  researches  made  by  him  on  the 
Clark  cell.  Comparisons  of  H  cells  set  up  by  him  with  tube  cells 
set  up  by  Dr  Glazebrook  at  Cambridge  led  to  the  assignment  of  an 
E.M.F.  to  the  H  cell,  four  ten-thousandths  of  a  volt  less  than  that 
of  the  Board  of  Trade  form.  This  difference  in  value  has  been 
often  quoted,  and  is  at  the  present  time  accepted  as  a  fact.  In 
view  of  the  discrepancies  produced  by  the  paste,  together  with 
theoretical  considerations,  it  was  thought  desirable  to  investigate 
this  difference  if  such  should  exist.  For  this  purpose  the  H  and 
tube  forms  of  cell  were  combined.  In  addition  to  the  usual 
terminals  to  the  H  cell,  a  zinc  rod  was  inserted  in  the  limb  con- 
taining the  paste,  so  that  the  arrangement  of  the  elements  in 
this  limb  was  in  accordance  with  the  specification  of  the  Board 
of  Trade  pattern.  The  sole  difference  in  the  elements  of  the  H 
and  tube  cells  was  therefore  the  substitution  of  the  zinc  rod  for 
zinc  amalgam.  In  some  cases  the  zinc  rod  was  amalgamated,  in 
others  it  was  merely  cleaned,  in  no  case  did  it  touch  the  paste. 
With  two  cadmium  cells  set  up  similarly,  a  rod  of  cadmium 
amalgam  contained  in  a  glass  tube  perforated  at  a  few  points 
replaced  the  plain  cadmium  rod.  Very  steady  temperatures  were 
maintained  before  taking  observations. 

Table  V.  gives  the  results  of  comparisons  of  these  Clark  and 
cadmium  cells.  The  standard  adopted  for  the  Clark  cells  was  cell 
No.  10,  a  standard  more  than  two  years  old  and  fairly  constant ; 
that  for  the  cadmium  cells  was  a  third  cell,  No.  48,  made  up  at 
the  same  time. 

Cells  numbered  E 10  and  Ell  contained  a  different  paste 
from  that  in  C  3,  C  7,  G  9.  The  differences  between  H  and  T  are 
small  and  irregular,  and  probably  explained  by  the  non-uniformity 
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of  the  surface  of  the  zinc  rods  and  slight  differences  in  the  con- 
centration of  the  solution.  The  zinc  rods  in  #10,  Ell,  C3,  and 
C  7  were  amalgamated ;  that  in  C  9  was  cleaned  only. 

TABLE  V.     Differences  in  Hundredth*  of  a  Millivolt. 


Date  of 

Clark  Cells 

Cadmium  Cells 

Observation 

£10 

£11 

03 

C7 

C9 

49 

47 

H 

T 

H 

T 

tf 

r 

H 

r 

H 

T 

// 

r 

H 

r 

July  5,  1904 

-2 

-8 

+0 

+  0 

-1 

-7 

+  10 

-   2 

... 

+S 

•f  j 

+0 

+  1 

»     >» 

+0 

+  2 

+  3 

-5 

+  4 

+0 

+  10 

+  7 

+  2 

+3 

+  2 

+  1 

+  6 

+  2 

+  7 

-   2 

+  10 

+  2 

o' 

+  5 

+  1 

+  9 

+   24-8 

+  15 

+  4 

-6    +2 

+  0 

+  6 

+  2 

+  8 

+  12 

+   7 

+  3 

+  2 

+  2 

+  '2 

+  1 

Means... 

+  1 

-4    +2 

-2 

+  4 

-04 

+   9 

+  3 

+  8 

+  7 

+  2 

+  2 

+  1 

+1 

i 

The  observations  show  that  no  such  difference  as  0'0004  volt 
exists  between  the  two  forms ;  the  difference  found  in  1892  is  to 
be  attributed  to  other  causes,  probably  the  pastes  employed. 

APPENDIX  II. 

On  the  Electromotive  Force  of  a  Clark's  Cell. 
By  A.  P.  TROTTER. 

A  determination  of  the  electromotive  force  of  the  Clark  cell 
(Wolff's  large  pattern)  in  terms  of  the  ampere  and  ohm,  has  been 
made  recently  at  the  Board  of  Trade  Electrical  Standards  Labora- 
tory. The  ampere,  as  measured  by  the  Standard  Ampere  Balance 
of  the  Board  of  Trade,  was  passed  with  suitable  precautions 
through  a  manganin  coil  having  a  resistance  of  1*4343S  ohms  at 
15*0°C.,  and  the  difference  of  potential  between  the  ends  of  this 
coil  was  compared  with  that  of  the  Clark  cell  upon  a  low-resistance 
potentiometer.  After  necessary  corrections  the  electromotive  force 
of  the  Clark  cell  was  found  to  be  1'4329  volts  at  15'0°C.  The 
temperature  of  the  Clark  cell  was  read  by  a  thermometer  in  an  oil 
bath  in  which  the  cell  was  placed,  estimating  to  0'01°C.  The 
cell  had  been  kept  for  several  months  in  a  constant-temperature 
room  and  had  not  varied  in  temperature  by  more  than  0'05°  C.  for 
forty-eight  hours  before  the  comparisons. 
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APPENDIX.     On  the  Preparation  of  a  Cadmium  Cell.    By  F.  E.  SMITH. 

(From  the  National  Physical  Laboratory) p.  666 

THE  Committee  are  glad  to  report  that  satisfactory  progress 
has  been  made  during  the  year  with  the  Ampere  Balance. 

The  weighing  mechanism  was  taken  over  from  the  maker 
shortly  after  the  last  meeting  of  the  Association  and  the  work  on 
the  coils  completed  at  the  National  Physical  Laboratory.  The 
labour  involved  in  insulating  the  two  wires  on  the  large  cylinders 
was  very  great.  Each  wire  consists  of  about  ninety  turns  of  about 
103  centimetres  circumference.  Thus  each  wire  is  about  93  metres 
in  length,  and  the  two  are  along  their  whole  length  about  one- 
tenth  of  a  millimetre  apart.  In  the  coils  as  finally  set  up  the 
insulation  resistance  between  these  two  wires  is  measured  in 
thousands  of  megohms,  and  is  thus  amply  sufficient. 

The  cost  of  the  balance  has  amounted  to  £302.  6s.,  the  excess 
over  the  £300  granted  for  the  purpose  being  met  out  of  the  general 
fund  at  the  disposal  of  the  Committee. 

Calculations  of  the  force  to  be  expected  between  the  coils 
when  carrying  one  ampere  have  been  made  by  Mr  Mather  and 
Mr  F.  E.  Smith,  of  the  National  Physical  Laboratory,  and  are  in 
close  agreement. 

The  designs  from  which  the  balance  has  been  made  are  the 
work  of  Mr  Mather,  and  originally  it  was  contemplated  that  the 
balance  would  be  set  up  at  the  City  and  Guilds  Central  Institute 
in  Exhibition  Road.  At  a  meeting  of  the  Committee  held  on 
March  31,  1905,  however,  this  decision  was  modified,  and  the 
following  minute  agreed  to : — 

That  the  Ampere  Balance  remains  for  the  present  at  the 
National  Physical  Laboratory,  and  that  a  determination  of  the 
ampere  be  made  with  it  there  under  the  supervision  of  Professor 
Ayrton  and  Mr  Mather,  steps  being  taken  to  connect  closely  with 
the  determination  and  with  any  notification  of  the  results  the 
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names  of  the  late  Professor  J.  V.  Jones,  Professor  Ayrton,  and 
Mr  Mather,  to  whom  the  design  of  the  instrument  is  entirely  due. 

Accordingly  the  balance  has  been  set  up  at  the  National 
Physical  Laboratory  and  a  number  of  preliminary  tests  have  been 
made.  Particulars  of  some  of  these  follow. 

Ampere  Balance.  The  weighing  mechanism  of  the  balance 
was  erected  by  Mr  L.  Oertling  at  the  National  Physical  Laboratory 
in  March  of  the  present  year,  and  the  electrical  equipment  was 
completed  immediately  afterwards.  The  four  coils  of  bare  copper 
wire  wound  on  marble  cylinders  have  given  complete  satisfaction, 
the  ellipticity  and  conicality  of  each  being  very  small.  The 
average  ellipticity  is  such  that  the  diameters  of  the  ellipse  differ 
in  length  by  about  10  micron,  while  the  average  conicality  is 
approximately  represented  by  a  difference  between  the  mean 
diameters  of  two  sections  13  cm.  apart  (the  axial  length  of  one 
coil)  of  about  12  micron.  The  contour  of  the  cylinders  is  very 
well  known,  and  the  mean  diameter  has  been  measured  with  a 
probable  error  not  greater  than  O'OOl  per  cent.  This  knowledge 
enables  the  calculation  of  the  mutual  induction  between  two  coils 
to  be  made  with  great  accuracy. 

Preliminary  observations  with  a  current  of  nominal  value 
1  ampere  were  made  at  various  times  during  April  and  May,  the 
first  set  of  such  observations  determining  the  temperature  to  which 
the  coils  are  raised  by  a  continuous  steady  current,  the  magnitude 
of  the  disturbances  arising  from  convection  currents,  the  influence 
of  the  silver  strips,  and  the  nature  of  other  disturbances.  The 
convection  currents  give  some  trouble,  but  the  experiments  already 
carried  out  indicate  that  a  change  of  O'OOl  per  cent,  in  a  current 
of  nominal  value  1  ampere  will  be  detectable. 

The  balance  acts  conveniently  as  an  indicator  of  the  magnetic 
permeability  of  the  marble  and  metal  parts  of  which  it  is  con- 
structed, and  it  is  satisfactory  to  know  that  the  permeability  of 
these  parts  does  not  differ  from  unity  by  a  measurable  amount, 
and  cannot  therefore  influence  the  final  results. 

Early  observations  showed  that  the  concentric  cable  employed 
in  the  leads  to  the  balance  was  faulty,  some  of  the  internal  strands 
being  broken,  and  the  variable  contacts  thus  resulting  prevented 
a  steady  current  from  being  obtained.  Fresh  concentric  cables  are 
being  inserted,  which  should  enable  the  final  observations  to  be 
speedily  made. 
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Apparatus  for  the  determination  of  "  g."  The  three  half- 
second  pendulums  (the  property  of  the  Board  of  Education,  and 
which  were  used  in  the  last  Antarctic  expedition)  have  been 
swung  at  Kew  and  at  the  National  Physical  Laboratory  in  the 
room  where  the  balance  is  erected.  The  observations  are  being 
continued. 

When  all  the  constants  have  been  determined  and  the  observa- 
tions with  the  balance  are  complete  it  will  be  necessary  to  consider 
the  means  by  which  the  result  is  to  be  given  to  the  world.  The 
current  may  be  reproduced  either  by  means  of  the  silver  volta- 
meter or  by  means  of  a  standard  cell  and  a  standard  resistance. 
The  silver  voltameter  is  being  investigated  at  the  National  Physical 
Laboratory,  and  a  comparison  of  the  accuracies  of  reproduction 
would  perhaps  influence  the  choice. 

The  Committee  were  represented  at  the  International  Elec- 
trical Congress  at  St  Louis  last  year  by  Professor  Perry  and  the 
Secretary. 

The  resolutions  passed  at  the  Cambridge  Meeting  of  the 
Committee  (see  Report  for  1904)  as  to  certain  questions  proposed 
for  discussion  were  laid  before  the  Congress,  and  after  discussion 
the  following  reports  were  unanimously  accepted: — 

Committee  of  the  Chamber  of  Delegates  on  International 
Electromagnetic  Units. 

The  Sub-Committee  appointed  September  13,  1904,  beg  leave  to  suggest 
that  the  Chamber  of  Delegates  should  adopt  the  following  report: 

It  appears  from  papers  laid  before  the  International  Electrical  Congress 
and  from  the  discussion  that  there  are  considerable  discrepancies  between 
the  laws  relating  to  electrical  units,  or  their  interpretations,  in  the  various 
countries  represented,  which,  in  the  opinion  of  the  Chamber,  require  con- 
sideration with  a  view  to  securing  practical  uniformity. 

Other  questions  bearing  on  nomenclature  and  the  determination  of  units 
and  standards  have  also  been  raised,  on  which,  in  the  opinion  of  the  Chamber, 
it  is  desirable  to  have  international  agreement. 

The  Chamber  of  Delegates  considers  that  these  and  similar  questions 
could  best  be  dealt  with  by  an  International  Commission  representing  the 
Governments  concerned.  Such  a  Commission  might,  in  the  first  instance, 
be  appointed  by  those  countries  in  which  legislation  on  electric  units  has 
been  adopted,  and  consist  of,  say,  two  members  from  each  country. 

Provision  should  be  made  for  securing  the  adhesion  of  other  countries 
prepared  to  adopt  the  conclusions  of  the  Commission. 

The  Chamber  of  Delegates  approves  such  a  plan,  and  requests  its  members 
to  bring  this  report  before  their  respective  Governments. 
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It  is  hoped  that  if  the  recommendation  of  the  Chamber  of  Delegates  be 
adopted  by  the  Governments  represented  the  Commission  may  eventually 
become  a  permanent  one. 


Committee  of  the  Chamber  of  Delegates  on  International 
Standardisation. 

The  Committee  of  the  Chamber  of  Delegates  on  the  Standardisation  of 
Machinery  begs  to  report  as  follows: 

That  steps  should  be  taken  to  secure  the  co-operation  of  the  technical 
societies  of  the  world  by  the  appointment  of  a  representative  Commission 
to  consider  the  question  of  the  standardisation  of  the  nomenclature  and 
ratings  of  electrical  apparatus  and  machinery. 

If  the  above  recommendation  meets  the  approval  of  the  Chamber  of 
Delegates  it  is  suggested  by  your  Committee  that  much  of  the  work  could 
be  accomplished  by  correspondence  in  the  first  instance  and  by  the  appoint- 
ment of  a  General  Secretary  to  preserve  the  records  and  crystallise  the  points 
of  disagreement,  if  any,  which  may  arise  between  the  methods  in  vogue  in 
the  different  countries  interested. 

It  is  hoped  that  if  the  recommendation  of  the  Chamber  of  Delegates  be 
adopted  the  Commission  may  eventually  become  a  permanent  one. 

The  first  of  these  Reports,  relating  to  the  summoning  of  an 
International  Congress  on  Electrical  Units,  is  now  under  the  con- 
sideration of  His  Majesty's  Government.  Meanwhile  a  preliminary 
conference  of  representatives  of  standardising  laboratories  and 
others  interested  in  the  determination  of  electrical  units  has  been 
summoned  by  the  President  of  the  Reichsanstalt  to  meet  in  Berlin 
in  the  autumn.  Lord  Rayleigh  and  the  Secretary  have  received 
invitations  to  be  present. 

The  object  of  this  Conference  is  stated  to  be  that  the  institu- 
tions which  are  concerned  in  maintaining  the  accuracy  of  electrical 
measurements  in  conjunction  with  those  scientists  who  have 
devoted  especial  attention  to  this  field  of  work  should  exchange 
opinions,  and  if  possible  come  to  an  agreement  as  to  the  measures 
which  must  be  taken  in  order  to  obtain  the  international  uniformity 
in  electrical  units  and  measurements  which  is  desired.  It  is  thus 
preliminary  to  the  more  formal  consideration  of  the  subject  which 
would  be  the  work  of  the  International  Congress. 

One  of  the  important  questions  which  will  be  discussed  will  be 
the  specification  of  some  form  of  standard  cell.  Work  on  this 
matter  has  gone  on  in  America  and  at  the  National  Physical 
Laboratory,  and  an  Appendix  to  the  Report  by  Mr  Smith  contains 
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a  provisional  specification.  It  is  suggested  that  persons  in- 
terested in  the  matter  might  help  by  setting  up  cells  in  accordance 
with  this  specification  and  submitting  them  for  test  at  the 
laboratory. 

Of  the  grant  made  to  the  Committee  in  1904  a  balance  of 
£3.  4>s.  lOd.  remains. 

The  work  which  remains  to  be  done  on  the  standard  cell,  and 
with  the  Ampere  Balance,  will  involve  considerable  expense,  and 
to  meet  this  the  Committee  ask  for  reappointment,  with  a  gram 
of  £25  in  addition  to  the  balance  now  in  their  hands. 

APPENDIX. 

On  the  Preparation  of  a  Cadmium  Cell*.     By  F.  E.  SMITH, 

(From  the  National  Physical  Laboratory.} 

The  research  on  standard  cells  has  been  continued  at  the 
National  Physical  Laboratory  on  the  lines  indicated  in  the  last 
Report  to  the  Association.  Taken  as  a  whole,  the  results  are  very 
satisfactory,  but  it  is  thought  desirable  to  still  continue  the 
observations  on  some  of  the  older  cells  before  publishing  the 
results  in  detail. 

Mr  G.  A.  Hulett,  of  Michigan,  has  completed  a  chemical  re- 
search on  mercurous  sulphate,  which  throws  considerable  light  on 
the  anomalies  reported  to  the  Association  last  year.  Very  slight 
changes  can  still,  however,  be  traced  to  this  salt,  but  fortunately 
they  are  of  no  commercial  significance.  The  12£  per  cent, 
amalgam  also  produces  slight  variations  in  the  E.M.F.  of  the  cell : 
these  again  are  commercially  unimportant,  and  a  manner  of  over- 
coming them  in  cells  employed  at  a  standard  laboratory  is  indicated 
in  this  paper.  The  latter  cells  are  set  up  with  an  amalgam  en- 
tirely liquid  at  0°  C. 

At  this  stage  of  the  research  it  is  thought  desirable  to  describe 
the  methods  by  which  the  materials  of  the  cell  can  be  best  pre- 
pared in  the  light  of  present  information,  and  an  appeal  is  made 

*  Specifications  for  the  preparation  of  the  Weston  (or  cadmium)  cell  are  also 
given  in  the  Reports  for  1907  and  1908.  In  1905  the  Weston  cell  was  used  but 
little  in  Great  Britain  and  the  notes  on  its  preparation  proved  to  be  of  considerable 
value.  The  changes  introduced  in  1907  were  based  on  experiments  made  at  the 
National  Physical  Laboratory,  and  the  specification  printed  in  the  Report  for  1908 
was  drawn  up  after  consultation  with  many  experimenters.  The  three  specifications 
are  therefore  of  some  historical  interest. 
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to  those  interested  in  the  subject  to  set  up  one  or  more  cells  by 
these  methods  and  submit  them  for  comparison  with  the  standards 
of  the  National  Physical  Laboratory.  More  light  will  thus  be 
thrown  on  the  slight  discrepancies  already  referred  to,  and  the 
degree  of  accuracy  with  which  the  cell  can  be  constructed  will  be 
established.  In  this  way  it  is  hoped  to  specify  a  cell  for  commercial 
purposes  accurate  at  all  ordinary  English  working  temperatures 
to  1  part  in  2000,  applying  no  temperature  correction,  or  to  1  part 
in  10,000  if  the  temperature  correction  be  applied. 

In  the  specification  which  follows  there  are  four  methods  of 
preparing  the  mercurous  sulphate.  The  first  of  these  is  due  to 
Professor  H.  S.  Carhart,  Mr  G.  A.  Hulett  and  Dr  Wolff,  jun.; 
the  main  features  of  the  second  method  were  suggested  by 
Mr  Swinburne  to  Dr  Glazebrook,  while  the  third  and  fourth  methods 
have  resulted  from  some  experiments  at  the  National  Physical 
Laboratory.  It  is  suggested  that  one  only  of  these  methods  be 
eventually  employed;  the  observations  on  submitted  cells  will 
largely  determine  the  choice. 

Preparation  of  Materials  for  a  Standard  Cadmium  Cell. 

1.  Mercury.     The  commercial  mercury  should  be  squeezed 
through  wash-leather  and  passed  in  the  finely  divided  condition 
in  which  it  emerges,  first  through  dilute  nitric  acid  (I  to  6  of 
water)  and  mercurous  nitrate  solution,  and  afterwards  through 
distilled  water,  both  liquids  being  conveniently  contained  in  long 
glass  tubes.     The  mercury  is  then  to  be  twice  distilled  in  vacuo. 
Mercury   suspected    of   abnormal   contamination   should   not   be 
employed. 

2.  Amalgam.     Type  A.     This  is  a  12  J  per  cent,  amalgam, 
and  is  intended  for  all  commercial  cells.     The  method  of  pre- 
paration is  practically  identical  with  that  used  by  Professor  Carhart. 
A  current  is  passed  from  a  thick  rod  of  pure  commercial  cadmium 
to  distilled  mercury,  the  intervening  liquid  being  cadmium  sul- 
phate solution  rendered  slightly  acid  with  a  few  drops  of  H-jSC^. 
The  cathode  is  weighed  before  deposition  takes  place,  and  again 
afterwards,  the  percentage  of  cadmium   in  the  amalgam  being 
thus  calculable.     More  than  the  requisite  amount  should  always 
be  deposited,  and  the  percentage  reduced  to  12 J  by  the  addition 
of  more  mercury.     The  fall  of  potential  from  anode  to  cathode 
should  not  exceed  0'3  volt.     To  prevent  the  anode  slime  having 
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access  to  the  cathode  it  is  desirable  to  surround  the  anode  with  a 
small  porous  pot,  as  in  the  Richards'  silver  voltameter,  or  to  place 
a  small  crystallising  dish  beneath  it  for  the  anode  powder  to 
settle  in.  Contact  with  the  cathode  is  made  with  a  platinum 
wire  sealed  into  a  glass  tube  so  as  to  protect  it  from  direct  contact 
with  the  cadmium  sulphate  solution,  and  a  rough  estimate  of  the 
quantity  of  cadmium  deposited  is  obtained  from  the  readings  of 
an  ammeter  placed  in  the  circuit.  The  amalgam  so  prepared, 
together  with  the  mercury  added  to  reduce  the  percentage  of 
cadmium  to  12^,  is  now  heated  on  a  water-bath  and  stirred  so 
as  to  ensure  homogeneity,  some  cadmium  sulphate  solution  still 
flooding  the  surface.  It  is  then  cooled,  and  the  acid  sulphate 
removed,  neutral  cadmium  sulphate  solution  taking  the  place  of 
the  latter,  and  consisting  of  saturated  solution  plus  an  equal 
volume  of  distilled %  water.  This  12£  per  cent,  amalgam  is  then 
ready  for  use  and  is  entirely  liquid  at  a  temperature  approximating 
to  60°  C. 

Type  B.  This  amalgam  is  liquid  at  the  temperature  of  melting 
ice,  and  is  intended  for  cells  of  a  slightly  better  type  than  those 
made  with  the  12  J  per  cent,  amalgam.  The  cells  may  be  used 
at  a  higher  temperature  than  0°  C.,  but  they  are  not  intended  to 
be  so  used  as  their  temperature  coefficient  is  about  —  0'043  per 
cent,  per  rise  in  temperature  of  1°  C.  The  cells  are  primarily 
intended  for  standardising  laboratories,  and  their  E.M.F.  at  0°  C.  is 
equal  to  the  E.M.F.  of  the  cells  prepared  with  the  A  amalgam  if 
this  latter  E.M.F.  is  corrected  to  0°  C.  with  the  temperature  coeffi- 
cient formula  of  the  cell.  This  is  equivalent  to  saying  that  if  an 
A  cell  was  in  a  steady  condition  at  0°  C.  and  nothing  abnormal 
occurred  its  E.M.F.  would  be  identical  with  that  of  a  B  cell  at 
0°  C.  It  is  not  wise,  however,  to  use  a  12£  per  cent,  amalgam 
cell  at  low  temperatures ;  an  8  per  cent,  amalgam  may  be  so  used, 
but  its  upward  range  (with  a  small  temperature  coefficient)  is 
lower  than  that  of  the  12  J  per  cent,  amalgam  cell.  For  com- 
mercial purposes  probably  the  12  J  per  cent,  amalgam  will  be  of 
most  service. 

To  prepare  the  type  B  amalgam  take  some  of  that  previously 
prepared  and  add  sufficient  mercury  to  reduce  the  percentage  of 
cadmium  to  3.  The  amalgam  will  now  be  entirely  liquid  at 
ordinary  working  temperatures.  On  cooling  a  crystalline  amalgam 
separates  from  the  liquid,  and  will  continue  to  do  so  as  the 
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temperature  is  lowered.  Cool  the  amalgam  to  the  temperature  of 
melting  ice  and  remove  the  mother  liquid :  this  is  the  amalgam 
desired.  It  is  important  that  the  temperature  be  truly  that  uf 
melting  ice,  and  that  no  solid  is  removed.  For  convenience  the 
3  per  cent,  amalgam  may  be  placed  in  a  tubular  vessel  well  sur- 
rounded with  ice  shavings ;  a  long  very  fine  capillary  tube  reaches 
to  the  base  of  this  vessel,  and  through  it  the  liquid  at  0°C.  U 
removed  by  suction.  Some  solid  must  be  left  behind,  or  otherwise 
there  is  no  certainty  of  saturation.  Throughout  all  the  operations 
neutral  cadmium  sulphate  solution  must  cover  the  surface  of  the 
amalgam  and  wet  all  vessels,  tubes,  etc.  through  which  the  amalgam 
passes.  Otherwise  the  amalgam  will  leave  a  "  tail "  and  its  com- 
position may  possibly  be  thereby  changed. 

3.  Cadmium  Sulphate  Crystals  and  Solution.  Procure  com- 
mercially pure  cadmium  sulphate  CdSO4 . 8/3H2O.  Dissolve  in 
about  1J  times  its  weight  of  distilled  water,  agitating  either  con- 
tinuously for  about  six  hours  or  occasionally  for  two  or  three 
days.  Filter  through  a  fine  grained  filter-paper  so  as  to  ensure  a 
clear  solution,  which  should  then  be  placed  in  a  number  of  crystal- 
lising dishes  and  evaporation  allowed  to  take  place  slowly  at  a 
temperature  not  exceeding  35°  C.,  when,  provided  that  dust  be 
excluded,  many  transparent  crystals  of  CdSO4 . 8/3 H2O  will  result. 
These  should  be  prevented  as  much  as  possible  from  adhering  to 
one  another  by  removing  the  liquid  to  other  dishes  as  soon  as  the 
crystals  are  of  such  a  size  that  most  of  them  are  in  contact.  In 
this  way  about  five-sixths  of  the  liquid  may  be  evaporated,  the 
mother  liquid  being  employed  for  a  preliminary  washing  of  the 
mercurous  sulphate,  the  manufacture  of  which  is  afterwards 
described.  The  crystals  of  cadmium  sulphate  so  obtained  should 
be  washed  with  successive  small  quantities  of  distilled  water  until 
after  standing  for  five  minutes  no  trace  of  acidity  can  be  detected 
with  Congo  red.  The  crystals,  still  moist,  may  then  be  transferred 
to  a  stock  bottle.  To  prepare  the  final  solution  agitation  with 
distilled  water  is  recommended  as  before,  the  temperature  being 
preferably  5°  or  10°  higher  than  the  normal  temperature,  so  as  to 
ensure  saturation.  On  no  account  should  cadmium  hydroxide  be 
employed  to  neutralise  the  first  solution,  which  is  invariably  acid ; 
nor  indeed  should  any  attempt  be  made  to  neutralise  the  solution 
except  by  crystallisation. 

4.     Mercurous  Sulphate.     The  preparation  in  each  case  is  to  be 
conducted  in  a  darkened  room. 
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(a)  Electrolytic  Method.  Pure  distilled  mercury  forms  the 
anode  and  platinum  foil  the  cathode,  the  electrolyte  being  dilute 
sulphuric  acid  (1  part  by  volume  of  concentrated  acid  to  5  parts 
of  distilled  water).  The  mercury  is  preferably  placed  in  the  base 
of  a  large  flat-bottomed  beaker  and  about  twenty  times  its  volume 
of  the  dilute  acid  added.  Contact  with  the  mercury  is  effected 
by  means  of  a  platinum  wire  passing  through  a  glass  tube,  while 
the  cathode  is  suspended  in  the  upper  portion  of  the  liquid. 
During  the  electrolysis  the  electrolyte  must  be  continually  stirred, 
£tn  L-shaped  glass  stirrer  being  most  efficient,  the  L  portion  being 
placed  near  the  surface  of  the  mercury.  A  current  density  of 
about  O'Ol  ampere  may  be  employed.  The  salt  so  prepared  is 
treated  as  per  Note  A. 

(6)  Precipitation  method,  mercurous  nitrate  and  sulphuric 
acid  being  employed. 

Add  strong  nitric  acid  to  a  little  pure  mercury  contained  in  a 
crystallising  dish  and  place  in  a  draught  chamber  until  the  action 
is  over.  If  any  mercury  remains  add  more  acid  and  continue  to 
do  so  until  the  mercury  has  completely  disappeared  and  a  strongly 
acid  solution  assured.  Prepare  dilute  H2S04  (1  to  4  by  volume), 
allow  to  cool,  and  then  add  the  acid  nitrate  solution  drop  by 
drop,  keeping  the  mixture  violently  agitated.  Mercurous  sulphate 
is  precipitated,  which  should  be  filtered  and  treated  as  per  Note  A. 
No  more  nitrate  solution  must  be  added  to  the  dilute  H2S04  than 
will  suffice  to  neutralise  30  per  cent,  of  the  H2S04  present.  The 
maximum  amount  it  is  permissible  to  add  may  be  estimated  by 
taking  a  small  portion  of  the  dilute  H2S04  and  adding  the  nitrate 
solution  until  no  further  precipitation  results.  The  proportion  of 
nitrate  solution  to  dilute  H2S04  in  such  circumstances  must  be 
reduced  to  one-third  its  value  for  the  preparation  of  mercurous 
sulphate  by  method  (6). 

(c)  Precipitation  method,  strong  and  dilute  sulphuric  acid 
being  employed. 

Purchased  mercurous  sulphate  is  warmed  with  strong  H2S04 
and  a  little  mercury  to  a  temperature  of  about  150°  C.  for  about 
ten  minutes,  the  operation  being  conducted  in  an  evaporating 
dish  covered  with  a  clock  glass  and  the  mixture  kept  well  stirred. 
The  suspended  matter  is  then  allowed  to  settle,  the  hot  liquid 
cooling  sufficiently  meanwhile  for  the  vessel  to  be  handled  with 
comfort.  The  clear  acid  is  then  poured  into  dilute  H2S04  (1  to  6), 
when  crystalline  mercurous  sulphate  separates  out.  About  ten 
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times  the  bulk  of  dilute  acid  should  be  employed,  and  to  avoid 
spitting  the  hot  liquid  should  be  poured  through  a  funnel,  having 
its  stem  immersed  in  the  dilute  acid.  The  mixture  is  well  stirred, 
cooled,  and  filtered,  and  the  salt  treated  as  per  Note  A.  As  th. 
operation  yields  but  a  small  quantity  of  the  salt  it  is  advisable 
to  repeat  several  times. 

(d)     By  means  of  Nordhausen  sulphuric  acid. 

Place  distilled  mercury  in  the  bottom  of  a  beaker  or  bottle  to 
the  depth  of  about  3  mm.  Add  about  four  times  its  volume  of 
Nordhausen  sulphuric  acid  and  stir  well,  keeping  the  mouth  of  the 
bottle  closed  as  much  as  possible,  as  the  acid  fumes  are  very 
unpleasant.  Mercurous  sulphate  is  formed  in  the  cold  and  appc.u- 
in  the  crystalline  form  after  a  few  minutes.  Allow  the  operation 
to  continue  until  the  acid  strength  has  been  considerably  di- 
minished ;  warm  the  product  to  expel  SO2  and  add  to  dilute  ELjSC^ 
{1  to  6).  Considerable  spitting  always  occurs,  so  that  caution  is 
necessary.  Proceed  with  the  product  as  per  Note  A. 

NOTE  A.  The  mercurous  sulphate  obtained  by  the  foregoing 
methods  is  first  agitated  with  dilute  H2S04  (1  to  6)  and  distilled 
mercury.  It  is  then  filtered  (a  small  Gooch  crucible  and  filter 
flask  are  convenient),  and  the  greater  part  of  the  mercury  removed 
as  it  interferes  with  the  filtering.  The  salt  is  next  washed  with 
small  quantities  of  saturated  cadmium  sulphate  solution  until 
free  from  acid.  For  the  first  few  washings  some  of  the  first  acid 
solution  may  be  employed,  but  the  final  washings  must  be  made 
with  a  little  of  the  neutral  solution.  Trouble  is  often  ex- 
perienced in  ridding  the  salt  prepared  with  Nordhausen  sulphuric 
acid  from  all  trace  of  acidity,  and  it  is  preferable  to  wash  five  or 
six  times  with  the  cadmium  sulphate  solution,  and  then  place  in 
a  bottle  together  with  a  little  of  the  solution,  shaking  from  time 
to  time  and  filtering  again  in  a  few  days.  The  acidity  of  the 
washing  liquid  should  be  tested  with  Congo  red.  Instead  of 
washing  with  cadmium  sulphate  solution,  sulphuric  ether  (water 
free)  may  be  employed. 

The  Mercurous  Sulphate  Paste.  Some  cadmium  sulphate 
crystals  are  ground  in  an  agate  mortar  with  a  little  cadmium  sul- 
phate solution;  about  one-quarter  their  bulk  of  pure  mercury  is 
then  added  and  two  volumes  of  the  acid-free  mercurous  sulphate, 
the  whole  being  well  mixed  with  cadmium  sulphate  solution  so  as 
to  form  a  thin  paste. 
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The  Form  of  Cell.  The  H  form  of  cell  due  to  Lord  Rayleigh 
is  the  most  convenient,  and  is  in  general  use.  Two  patterns  have 
been  adopted.  In  fig.  1  a  form  is  shown  in  which  the  electrodes 
are  sealed  into  the  lower  ends  of  the  two  vertical  limbs,  while  in 
the  form  shown  in  fig.  2  the  electrodes  pass  through  glass  tubes 
into  the  lower  ends  of  which  they  are  sealed.  Form  1  can  be 


Fig.  1. 


Fig.  2. 


M=  Mercury. 

A  =  Amalgam. 

P  =  Paste. 

C  —.  Cadmium  sulphate  crystals. 


S  —  Saturated  solution  of  cadmium 
sulphate. 


G  =  Marine  Glue. 


hermetically  sealed,  and  is  intended  to  be  immersed  in  an  in- 
sulating liquid.  Form  2  is  sealed  with  marine  glue,  and  may  be 
immersed  in  ice  or  water.  The  hermetical  sealing  of  form  1  was 
suggested  by  Lord  Rayleigh  *  and  later  by  Professor  Carhart  f.  The 
glass  tubes  through  which  the  electrodes  are  introduced  in  form  2 
pass  through  corks  which  have  been  previously  boiled  in  water 
and  soaked  in  cadmium  sulphate  solution ;  in  addition  to  the  hole 
which  allows  of  the  passage  of  the  electrode,  a  second  hole  is  bored 

*  Phil.  Trans.  176,  §42,  1886.  f  St  Louis  Congress,  1904. 
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through  these  corks  for  the  passage  of  small  glass  pipettes.  After 
the  cell  is  filled  these  additional  holes  are  fitted  with  small  corks, 
and  the  cell  is  finally  sealed  with  marine  glue.  The  position  of 
the  various  parts  is  shown  in  the  figure.  (Both  forms  of  glass 
vessels  are  stocked  by  Mr  A.  C.  Cossor,  of  54,  Farringdon 
Road,  E.G.) 

In  filling  the  vessels  it  is  convenient  to  use  small  pipettes 
made  of  two  glass  tubes,  the  one  about  3  inches  long  and  £  inch 
in  diameter,  and  the  other  about  2  inches  long  and  £  inch  in 
diameter.  If  the  larger  tube  has  one  end  drawn  out  in  the  form 
of  a  cone,  a  junction  is  easily  made.  The  amalgam  of  type  A  is 
melted  over  a  water-bath  (its  surface  being  flooded  with  dilute 
cadmium  sulphate  solution),  and  is  introduced  by  means  of  a 
previously  warmed  pipette  into  one  of  the  limbs.  After  the 
amalgam  has  solidified,  this  limb  should  be  washed  out  with  a 
little  fresh  cadmium  sulphate  solution.  If  the  amalgam  of 
type  B  is  used  this  washing  is  unnecessary.  The  mercury  is 
next  introduced  into  the  other  limb,  then  the  paste,  using  if 
necessary  a  tiny  glass  rod  as  a  piston  in  the  pipette,  and 
afterwards  a  thick  layer  of  finely  pounded  crystals  is  introduced 
into  each  limb.  Saturated  cadmium  sulphate  solution  is  finally 
added.  The  cells  are  then  to  be  exposed  in  a  warm  room  for  a 
week  or  more  to  allow  some  of  the  liquid  to  evaporate,  and  so 
loosely  cement  together  the  fine  crystals.  This  crystalline  plug 
keeps  the  contents  in  their  proper  places,  and  enables  the  cell  to 
be  transmitted  through  the  post.  The  sealing  of  the  cells  is  next 
completed,  care  being  taken  not  to  abnormally  heat  the  contents. 

Cells  which  are  submitted  for  comparison  with  the  standards 
of  the  National  Physical  Laboratory  should  be  accompanied  with 
the  following  particulars : — 

1.  Maker's  name  and  address. 

2.  Name*  of  the  firms  from  whom  the  chemicals  used  in  the  manufacture 
of  the  materials  were  purchased. 

3.  Number  of  the  method  employed  in  the  manufacture  of  the  mercurous 
sulphate. 

4.  Type  of  cadmium  amalgam  used. 

5.  Notes  on  any  peculiarities  observed  in  the  preparations. 

*  This  information  is  only  required  so  that  the  number  of  different  sources  of 
the  materials  can  be  estimated. 

,.  A.  « 
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IN  the  last  Report  reference  was  made  to  a  conference  of 
representatives  of  standardising  laboratories  which  had  been 
invited  to  meet  in  Berlin  as  a  preliminary  to  the  more  formal 
Conference  on  Electric  Units  suggested  at  St  Louis. 

The  question  of  this  preliminary  Conference  was  brought 
before  the  Committee  at  a  meeting  on  October  19,  1905,  and 
attention  was  called  to  the  importance  of  Clause  (2)  of  the  pro- 
visional programme,  viz. — 

"  Shall  the  three  units,  the  Ohm,  Ampere,  and  Volt,  be  defined 
independently,  or  shall  only  two  be  defined,  and,  if  so,  which  ? " 

and  it  was  agreed  unanimously  that  two  units  should  be  defined 
independently,  and  that  these  two  should  be  the  unit  of  resistance 
and  the  unit  of  current.  The  Secretary  was  instructed  to  report 
this  to  the  Conference  at  Berlin. 

This  Conference  took  place  in  October  last  at  the  Reichsanstalt 
in  Charlottenburg,  and  was  attended  by  representatives  from 
America,  Austria,  Belgium,  England,  France,  and  Germany. 

Agenda  prepared  with  great  care  by  the  President  of  the 
Reichsanstalt  were  very  carefully  discussed,  and,  as  a  result,  the 
Conference  expressed  the  wish  that  an  International  Convention 
should  be  summoned  in  order  to  arrive  at  agreement  in  the  electric 
standards  which  are  in  use  in  the  different  countries. 

The  following  resolution  was  further  adopted  :— 

"  In  view  of  the  fact  that  the  laws  of  the  different  countries  in 
relation  to  electrical  units  are  not  in  complete  agreement,  the 
Conference  holds  it  desirable  that  an  official  conference  should  be 
summoned  in  the  course  of  a  year  with  the  object  of  bringing 
about  this  agreement." 
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The  Conference  further  expressed  the  opinion : — 

1.  That  the  information  before  it  is  not  sufficient  to  enable 
it  to. propose  any  alteration  in  the  formerly  accepted  value  for  tin- 
ampere. 

2.  That  the  information  before  it  is  not  sufficient  to  enable  it 
to  lay  down  exact  directions  in  respect  to  the  silver  voltameter  and 
the  standard  cell. 

3.  That  if  a  proposal  for  a  change  in  the  accepted  value  of 
the  ampere  is  to  be  brought  from  any  source  before  a  formal  con- 
gress to  be  held  later,  an  agreement  in  writing  on  the  point  should 
be  come  to  previously  between  the  parties  interested.    If  differences 
of  opinion  in  the  matter  cannot  be  removed,  a  new  preliminary 
conference  should  be  held. 

The  same  procedure  should  be  observed  in  regard  to  the  speci- 
fication for  the  silver  voltameter  and  the  standard  cell,  in  the  event 
of  such  specifications  being  submitted  to  a  formal  conference  from 
any  quarter. 

The  following  formal  decisions  were  agreed  to : — 

1.  That  only  two  electrical  units  shall  be  chosen  as  funda- 
mental units. 

2.  The   international  ohm,  defined   by  the   resistance   of  a 
column  of  mercury,  and  the  international  ampere,  defined  by  the 
deposition  of  silver,  are  to  be  taken  as  the  fundamental  electrical 
units. 

3.  The  international  volt  is  that  electromotive  force  which 
produces  an  electric  current  of  one  international  ampere  in  a  con- 
ductor whose  resistance  is  one  international  ohm. 

4.  The   Weston   Cadmium    Cell    shall    be   adopted    as   the 
standard  cell. 

Recommendations  were  also  made  as  to  realising  the  ohm,  and 
some  particulars  as  to  the  Cadmium  cell  were  agreed  upon. 

These  results  were  laid  before  the  Board  of  Trade,  and  a 
Departmental  Committee,  of  which  the  Secretary  was  a  member, 
drew  up  a  report  recommending  that  an  official  conference 
should  be  invited  to  meet  in  London,  and  it  is  understood  that 
negotiations  are  now  on  foot  with  a  view  to  summoning  such  a 
conference. 

During  the  year  the  work  in  connexion  with  the  absolute 
ampere  balance  has  been  in  progress,  and  is  practically  complete. 
Under  the  supervision  of  Professor  Ayrton  and  Mr  Mather  a  large 

43—2 
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number  of  determinations  have  been  made,  and  are  most  satis- 
factory. Detailed  particulars  are  reserved  until  the  work  is 
complete ;  but  there  is  little  doubt  that  the  balance  is  a  most 
excellent  absolute  instrument,  and  that  the  probable  error  of  a 
determination  of  current  by  means  of  it  is  only  a  few  parts  in 
100,000. 

The  investigation  of  the  silver  voltameter  has  been  extended 
beyond  the  limits  originally  thought  to  be  necessary.  The  results 
so  far  obtained  are  very  valuable,  and  appear  to  indicate  that  a 
satisfactory  form  of  silver  voltameter  is  realisable.  It  is  hoped 
that  the  publication  of  the  results  will  take  place  at  the  same 
time  as  those  of  the  ampere  balance. 

An  appendix  by  Mr  F.  E.  Smith  describes  the  methods  of 
comparing  resistances  in  use  at  the  National  Physical  Laboratory, 
and  discusses  the  sources  of  error  and  the  accuracy  attainable. 

The  grant  of  £25  made  in  1905  has  been  expended  in 
materials  for  the  work  on  the  ampere  balance  and  the  silver  volta- 
meter. In  connexion  with  the  latter  a  large  amount  of  work 
involving  considerable  expense  remains  to  be  done.  For  this 
purpose  the  Committee  ask  for  reappointment  with  a  grant  of  £50. 
They  recommend  that  Lord  Rayleigh  be  Chairman  and  Dr  R.  T. 
Glazebrook  Secretary. 


APPENDIX. 

On  Methods  of  High  Precision  for  the  Comparison  of  Resistances. 

By  F.  E.  SMITH. 

(From  the  National  Physical  Laboratory.} 

The  object  of  the  author  is  to  give  a  brief  account  of  the  high 
precision  methods  used  at  the  National  Physical  Laboratory  for 
measuring  standard  resistances.  Up  to  and  including  the  year 
1903,  the  standard  unit  coils  of  the  British  Association  were  com- 
pared by  Carey  Foster's  method,  the  Fleming  circular  wire  bridge 
being  used.  The  probable  error  of  such  comparisons  is  of  the 
order  O'OOl  per  cent.  The  build-up  of  a  10-ohm  coil  from  the 
unit  was  very  conveniently  effected  by  a  process  suggested  by 
Lord  Rayleigh*.  Three  3-ohm  coils  are  arranged  in  parallel,  and 

*  Phil.  Trans.  1883,  174,  310.     See  also  B.  A.  Eeport,  1883. 
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their  combination  value  determined  by  comparison  with  a  unit 
resistance.  They  are  then  placed  in  series ;  by  the  addition  of  a 
unit  coil  to  the  series  formation,  the  "build-up"  is  complete.  The 
probable  error  of  this  build-up  is  also  small,  but  when  combined 
with  the  error  of  comparison  of  nominally  equal  coils,  the  observed 
value  of  a  1  to  10  ratio  may  be  in  error  by  0'002  per  cent.  The 
use  of  this  ratio  for  the  evaluation  of  resistances  of  10n  units 
results  in  a  possible  error  of  n  x  0'002  per  cent. 

The  resistance  standards  of  the  National  Physical  Laboratory 
are  of  three  kinds — mercury,  platinum-silver,  and  manganin. 
When  comparing  standards  of  mercury  and  of  platinum-silver, 
comparatively  small  currents  must  be  employed,  because  the  tem- 
perature coefficients  of  these  materials  are  large  and  the  resistances 
are  surrounded  by  bad  thermal  conductors.  The  manganin  coils 
are  wound  on  brass  cylinders,  have  small  temperature  coefficients, 
and  may  be  immersed  in  oil ;  the  maximum  permissible  current 
is  therefore  much  greater.  The  accuracy  of  all  methods  of  com- 
parison is  directly  proportional  to  the  current  employed,  from  which 
it  follows  that  for  all  building-up  processes,  manganin  coils  are  to 
be  preferred.  The  question  of  preference  for  permanency  is  not 
discussed  in  this  paper. 

In  order  to  compare  the  various  methods  of  measurement  it  is 
necessary  to  give  the  formulae  for  sensitiveness.  In  presenting 
these  latter  I  do  not  wish  to  suggest  that  they  are  new.  The 
subject  has  been  previously  treated  by  Mr  0.  Heaviside*,  Mr  T. 
Gray  f,  Lord  RayleighJ,  Professor  Schuster  §,  Professor  A.  Gray||, 
Dr  Jaeger  1F,  Dr  St  Lindeck,  Diesselhorst,  and  others,  and  some  of 
the  formulae  are  given  in  text-books.  In  the  present  paper  the 
considerations  of  many  of  these  writers  have  been  extended. 
Professor  Schuster  first  pointed  out  that  it  is  the  heating  of  the 
conductors  which  puts  the  limit  to  a  measurement  of  resistance, 
and  the  formulae  derived  by  him  are  in  terms  of  the  current  con- 
veyed by  the  resistance  to  be  measured.  Dr  Jaeger  has  recently 
discussed  the  question  of  sensitiveness  from  the  same  point  of 
view,  and  in  this  paper  the  subject  is  similarly  treated.  The 

*  Phil.  Mag.  1873,  XLV.  p.  114.  t  Ibid.  1881,  xn.  p.  283. 

J  Proc.  Roy.  Soc.  1891,  49,  203.  §  Phil.  Mag.  1894,  p.  175. 

.    ||  Absolute  Measurements,  vol.  i.  p.  331. 

IT  Zeitschr.  Instrumentenk.  March  1906,  26,  69.     See  also  Jaeger,  St  Lindeck, 
and  Diesselhorst,  Zeitschr.  Instrumentenk.  1903,  33. 
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formulae  may  be  derived  in  several  ways,  as  will  be  seen  on 
reference  to  the  authorities  quoted.  Many  of  these  ways  are  long, 
and  it  may  not  be  out  of  place  to  give  a  well-known  rule,  which, 
if  applied  to  any  system  of  conductors,  will  quickly  give  all  the 
desired  information. 

"  In  any  network  of  conductors  the  current  in  one  arm  due  to 
an  electromotive  force  in  another  arm  is  equal  to  the  current  in 
the  latter  when  an  equal  E.M.F.  is  placed  in  the  former." 
(This  rule  results  from  an  application  of  KirchhofFs  Laws.) 
The  most  complicated  system  of  conductors  considered  in  the 
present  paper  is  that  known  as  the  Kelvin  double  bridge*,  and  this 
is  dealt  with  here  by  way  of  example.     Let  the  current  through  P 
be  i,  and  through  R,  i',  and  let  P/Q  =  R/S  =  a//3.     Also  let  the 

Fig.  1. 


applied  E.M.F.  remain  constant.  On  completing  the  galvanometer 
circuit  the  distribution  of  the  currents  will  remain  unaltered. 
Let  P  be  changed  to  P  +  8P.  The  current  through  it  will  change 
to  i  —  Si,  and  the  change  in  P.D.  of  P  is  i$P  —  PSi ;  of  Q  it  is  QSi. 
If  the  galvanometer  circuit  is  now  completed,  the  current  through 
it  will  be  equal  to  that  produced  by  an  E.M.F.  iSP  —  PSi  in  P  and 
an  E.M.F.  equal  to  QSi  in  Q.  If  an  E.M.F.  equal  to  the  latter  is 
placed  in  the  galvanometer  branch,  the  current  through  Q  is 
PQSi/(P  +  Q)r,  where  r  is  equal  to 

a/3       (P  +  R)/(Q  +  S) 

«  +  /3+  P+R+Q+S  ' 

i.e.  the  resistance  of  the  "  external  galvanometer  circuit"  plus  that 
of  the  galvanometer.  Similarly  the  current  through  P  due  to  an 

*  W.  Thomson,  Phil.  Mag.  1862,  24,  149. 


FOR   ELECTRICAL   MEASUREMENTS  679 

E.M.F.  PSi  in  the  galvanometer  branch  is  equal  to  QP8i/(P  +  Q)  r. 
Hence,  by  the  rule,  the  current  through  the  galvanometer  due  to 
an  E.M.F.  QSi  in  Q  is  equal  to  the  current  through  the  same  due  to 
an  E.M.F.  PSi  in  P.  As  these  must  be  in  opposite  directions 
through  G,  we  have  only  to  consider  the  current  due  to  an  E.M.F. 
iSP  in  P.  The  current  through  G  due  to  this  E.M.F.  is  found  in  a 
similar  manner  and  is  equal  to 


This,  therefore,  is  the  current  through  the  galvanometer  when  the 
balance  of  the  bridge  is  disturbed  by  an  alteration  in  P  of  SP. 

In  galvanometers,  the  coils  of  which  are  wound  in  similar 
channels,  and  contain  the  same  mass  of  wire,  the  electromagnetic 
force  on  the  needle,  and  hence  the  deflection,  is  proportional  to 
#  V6r*,  where  x  is  the  current  through  G.  In  the  case  considered 
the  deflection  is  proportional  to 

Q  +  S 


- 


P  +  R  + 


This  is  a  maximum  when  G  —  —  —  ~  +  -f»  —  n     /\  — 

r  +  R  +  (J  +  o 


resistance  of  the  "external  galvanometer  circuit,"  and  the  value 
of  this  is  the  most  suitable  galvanometer  resistance.  Substituting 
this  value  for  G  in  (B),  an  expression  is  obtained  which,  from  the 
conjugate  condition  of  the  arms  of  the  bridge,  may  be  reduced  to 
the  simple  form 


in  which  A  =  SP/P. 

If  in  (B)  we  write  g  for  the  best  galvanometer  resistance  and 
Ng  for  the  resistance  of  the  galvanometer  used,  the  deflection  is 
proportional  to  ^Ng/(N  +  1)  \lg,  and  the  ratio  of  this  to  the  maxi- 
mum (N=l)  is  2^y/(N+l).  Prof.  Schuster,  in  the  paper 
referred  to,  gives  a  table  showing  that  if  N  =  20  or  0*05,  the 
sensitiveness  is  O426  times  the  maximum. 

The  derivation  of  the  formulae  being  so  simple,  the  results 
alone  are  given  for  the  other  methods  considered. 
*  Absolute  Measurements,  A.  Gray,  vol.  n. 
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Wheatstone  Bridge  (fig.  2). — If  a  =  /3  =  0  in  the  expressions 
obtained  for  the  Kelvin  double  bridge,  the  values  are  those  for 
the  Wheatstone  bridge*.  In  this  case,  expression  (C)  may  be 
written 

(D) 


The  best  conditions  for  sensitiveness  are  here  clearly  indicated. 
The  resistance  R  should  be  small  compared  with  8  and  with  P, 
i.e.  P  should  be  connected  to  a  comparatively  large  resistance  Q 
and  a  small  resistance  R.  If  i  is  the  maximum  permissible 
current  through  P,  Q  must  be  a  resistance  of  large  cooling  surface 
and  small  temperature  coefficient;  if  it  is  of  the  same  type  and 


Fig.  2. 


dimensions  as  P,  then  it  should  be  of  the  same  nominal  value. 
In  the  latter  case,  which  is  the  general  one  for  precision  measure- 
ments, P  =  Q  =  R  =  S,  and  the  sensitiveness  is  proportional  to 
i  A  VP/4.  It  is  generally  recognised  that  for  coils  of  the  same 
type  and  dimensions  i^P  is  constant. 

The  Potentiometer  (fig.  3). — Let  the  resistances  of  the  two 
circuits  be  P  +  Rl  and  Q  +  R2.  If  i  is  the  current  through  P,  the 
current  through  the  galvanometer  is 

lAP 

0  +  PR,I(P  +  R,)  +  QR*J(Q  +  A) ' 

*  The  values  usually  given  for  the  Wheatstone  bridge  (see  J.  J.  Thomson, 
Elements  of  Elec.  and  Magnetism,  p.  305 ;  Fleming,  Handbook  of  Elec.  Laboratory, 
vol.  i.  p.  233 ;  A.  Gray,  Abs.  Measurements,  vol.  i.  p.  333)  involve  the  resistance  of 
the  battery  arm  and  the  E.M.F.  of  the  battery.  If,  for  the  latter  i(P+Q)  is  sub- 
stituted, the  resistance  of  the  battery  may  be  taken  as  zero,  and  on  substituting, 
the  value  given  in  this  paper  is  obtained. 
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and  the  best  resistance  for  the  galvanometer  is 


fiSI 


The  sensitiveness  is  therefore  proportional  to 


2  V^/(P  +RJ+  QR,/P  (Q  +  R,) 

In  the  case  of  precision  measurements,  Rl  and  Rt  may  be  made 
very  great  compared  with  P  and  Q  respectively.  If  this  is  so,  the 
sensitiveness  is  proportional  to  lA  VP/2  Vl  +  Q/P.  If  Q  is  small 
compared  with  P,  this  becomes  t'A  VP/2,  and  the  best  resistance 
for  the  galvanometer  is  P.  Unless  P  and  R  are  nominally  equal 

Fig.  3. 


the  galvanometer  resistance  cannot  be  the  most  suitable  for  both 
observations,  and  the  sensitiveness  of  one  of  the  measurements 
must  be  less  than  that  stated.  If  P  =  R  and  Q  =  S ,  the  latter 
being  comparatively  small,  the  sensitiveness  is  twice  that  of  the 
Wheatstone  bridge  with  equal  arms.  It  has  to  be  remembered, 
however,  that  the  current  in  the  potentiometer  is  continuous  and 
the  heating  effects  more  marked  than  in  the  bridge  in  which  a 
tapping  current  only  is  employed.  A  great  practical  advantage  of 
the  bridge  method  is  the  rapidity  of  measurement. 

Differential  Galvanometer  Method  (fig.  4). — If  G  and  g  are 
the  resistances  of  the  galvanometer  coils,  the  difference  of  the 
currents  through  them  is  *  (Pg  -  QG)/G  (Q  +  g).  If  P=Q  and 
G  =  g,  the  difference  of  the  currents  is 
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and  the  best  galvanometer  resistance  is  G  =  P  —  Q.  The  sensi- 
tiveness is  then  proportional  to  iA  \/P/2  \/2.  If  the  currents 
through  the  galvanometer  are  comparatively  large,  convection 
currents  are  produced  in  the  space  containing  the  suspended 
magnets ;  also,  the  resistance  of  the  coils  is  subject  to  small  but 
rapid  changes.  There  is,  therefore,  a  maximum  permissible  value 
for  the  currents  through  the  galvanometer  coils,  and  in  general 
some  ballast  resistance  must  be  added  to  the  galvanometer  arms. 
This  reduces  the  sensitiveness. 


Fig.  4. 


Q 


Mercury  Standards  of  Resistance. — The  Kohlrausch  differential 
galvanometer  (see  p.  696),  the  Kelvin  bridge,  and  the  potentio- 
meter have  been  employed*  for  the  measurement  of  resistance  of 
mercury  standards  with  current  and  potential  leads  of  compara- 
tively high  resistance.  These  methods  are  recommended  in  the 
Report  of  the  Conference  on  Electric  Units  at  Charlottenburg 
(1905).  The  current  used  in  the  measurement  of  such  resistances 
is  limited  by  the  condition  that  the  mercury  shall  not  be  sufficiently 
warmed  to  produce  appreciable  error. 

In  the  Standards  Department  of  the  National  Physical  Labora- 
tory no  favourable  opportunity  has  arisen  for  an  exhaustive  test  of 
the  Kohlrausch  method.  As  used  at  the  Physikalisch-Technische 
Reichsanstalt  it  is  very  satisfactory;  but,  strictly  speaking,  it  is 
not  a  null  method,  as  observations  of  deflections  have  to  be  made. 
From  particulars  published f,  a  favourable  arrangement  for  the 
measurement  of  mercury  standards  is  when  G  =  g  =  6  ohms, 
P=y  =  l  ohm,  and  the  ballast  resistance  in  each  galvanometer 
arm  is  10  ohms.  In  this  case  the  sensitiveness  is  proportional  to- 
t'A\/l2/34  =  0-098  iA. 

With  the  Kelvin  double  bridge,  if  R  =  £=1000,  P=Q  =  l, 

*   Wissenschaft.  Abhand.  d.  Phys.-Tech.  Reichsanstalt ,  414,  Band  n. ;  see  also 
Phil.   Trans.   1904,  A,  373,  57. 

t  Wissenschaft.  Abhand.  d.  Phys.-Tech.  Reichsanstalt,  Band  in. 
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us:* 


a  =  /3=100,  and  £=1000,  the  sensitiveness  is  proportional  to 
O'OUtA.  If  £  =  £=100,  P  =  Q  =  1,  a  =  £  =  100,th<..s,ns,tm- 
ness  is  more  than  doubled,  being  equal  to  0'025  tA.  This  latter 
case  is  convenient  in  practice. 

In  the  potentiometer,  if  P=  Q,  and  £=  P  +  Q,  the  sensitive- 
ness is  proportional  to  0*35  iA.  The  current  is  continuous,  and 
hence  the  maximum  permissible  value  of  i  is  not  so  great  as  with 
the  differential  galvanometer  and  Kelvin  bridge. 

At  the  National  Physical  Laboratory  the  Kelvin  bridge  and 
the  potentiometer  were  employed  up  to  March  of  the  present  year. 

Fig.  5. 


With  the  former  method  a  tapping  current  of  0'2  ampere  was 
necessary  in  order  to  measure  a  difference  of  1  x  10~6  ohm  with 
certainty.  With  the  latter  method  the  current  used  was  0*03 
ampere,  but  the  method  was  far  less  convenient.  At  the  present 
time  a  modification  of  the  Wheatstone  bridge  is  used,  and  proves 
to  be  the  most  satisfactory  and  most  sensitive  of  all  the  methods 
discussed.  The  arrangement  is  very  similar  to  that  suggested  by 
R.  H.  Housman  for  the  evaluation  of  small  resistances  (p.  691). 
In  fig.  5,  P  is  the  mercury  standard,  of  which  r  and  r'  are  the 
current  leads.  R  principally  consists  of  a  1-ohm  manganin  coil 
which  is  shunted  with  a  resistance  X,  usually  of  the  order  30  to 
50  ohms,  and  a  resistance  X'  of  several  thousands  of  ohms. 
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The  latter  is  varied  in  the  final  adjustment  of  this  arm  of  the 
bridge  so  as  to  obtain  a  very  accurate  balance.  Q  and  S  are 
1000-ohm  coils  of  manganin.  R'  consists  of  two  unit  coils  in 
series  ;  the  value  of  these  in  terms  of  other  unit  coils  is  known 
with  great  accuracy  (see  build-up  method,  p.  688).  B  is  a  thick 
copper  conductor  in  series  with  S.  The  current  through  P  is  0'03 
ampere.  The  operations  are  as  follows  :  The  bridge-piece  B  is 
placed  in  position  so  that  R  is  out  of  circuit,  and  the  shunts  X 
and  X'  are  adjusted  until 


Rl  being  the  shunted  value  of  R.  The  galvanometer  lead  at  a  is 
removed  and  connected  to  6,  and  the  battery  lead  at  c  is  placed 
at  a.  In  practice  this  change  is  effected  with  a  rocking  com- 
mutator. The  position  of  B  is  altered  so  as  to  include  R  as  one 
of  the  arms  of  the  bridge,  and  a  balance  is  obtained  by  shunting 
R',  when,  if  JR/  represents  the  shunted  value  of  R  ', 


Combining  this  with  the  previous  equation,  we  have 
Bl'  =  P[(S  +  B)(Q  +  S  +  r  +  B)/(Q  +  r)2]. 

The  value  of  r  is  obtained  with  considerable  accuracy  by 
moving  the  galvanometer  lead  at  e  to  d  and  balancing.  In  an 
analogous  manner  the  value  of  B  may  be  obtained  ;  the  correction 
due  to  B  is  usually  less  than  1  part  in  10,000,000.  The  ratio  of 
S  to  Q  may  be  eliminated  from  the  last  equation  by  inter- 
changing Q  and  S  in  the  bridge  and  repeating  the  operations 
indicated  above.  If  Q  and  S  are  not  very  different  from  their 
nominal  values,  then 


where  R2'  represents  the  second  shunted  value  of  R. 

With  a  galvanometer  resistance  of  2  ohms,  with  P=R  =  ~L, 
and  Q  =  $=1000,  the  sensitiveness  of  the  arrangement  is  pro- 
portional to  0-35  tA.  With  P  =  R  =  2,  and  Q  =  S  =  1000,  this  is 
increased  to  047  lA,  the  values  for  i  being  the  same  in  the  two 
cases.  If  a  greater  current  value  than  0'03  ampere  is  permissible, 
then  Q  =  S  may  be  made  equal  to  100  ohms,  and  the  increase  in 
sensitiveness  is  approximately  proportional  to  the  increase  in  the 
current. 

The  following  observations  were  made  on  May  30,  1906,  the 
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mercury  standard,  F,  being  used,  and  two  coils  in  series  (Coil  1) 
evaluated : — 

1st  observation,  P  =  Y=  1'000270  int.  ohms  Q=  1000-18  approx. 

£=1000-19       „ 
X  =  40-1 
^'=30900 
Shunt  on  R'  =  31500.  r  =  0'033.  B  =  0*00007 

2nd  observation,  Q  and  S  interchanged 

Z=40-l 

X'=  28400 
Shunt  on  #'=16400. 

Hence         R,f  +  R2'  =  1'000270  [4-6  (0*0000329)] 

=  4-0008835, 

/.  2R'  =  4-00088..5  +  2  (1/31500  +  1/16400), 
.-.  Coil  1  =  R  =  2-000534  int.  ohms,     t  =  17-21°  C. 

Comparing  the  various  methods  as  practically  employed,  the 
sensitivities  are  proportional  to 

0'025iA  for  the  Kelvin  double  bridge. 

0'098  i  A       „       Kohlrausch  differential  galvanometer. 

0"35    t  A       „       Wheatstone  bridge. 

0'35    t'A       „       Potentiometer. 

The  maximum  permissible  values  of  i  are  the  same  for  the  first 
three  methods.  For  the  potentiometer  a  smaller  current  must  be 
used.  Possibly  the  arrangement  considered  for  the  differential 
galvanometer  might  be  modified  so  as  to  make  the  method  more 
sensitive. 

Comparison  of  Unit  Coils. — Manganin  coils  with  potential 
leads  are  alone  considered.  Platinum-silver  coils  without  such 
leads  are  compared  with  manganin  ones  by  substitution  in  one  of 
the  arms  of  the  bridge. 

The  method  adopted  is  analogous  to  that  of  Carey  Foster. 
The  coils  are  exchanged  in  position,  but  the  difference  of  values  is 
given  by  the  shunts  applied  to  the  two  ratio  coils.  Thermal 
E.M.F.'s  are  small,  and  produce  no  disturbing  effect  as  the  galvano- 
meter circuit  is  continually  closed.  The  self-induction  of  the  coils 
is  very  small  indeed. 

For  coils  having  potential  leads  the  Kelvin  double  bridge  is 
used.  P  and  Q  are  the  coils  to  be  compared,  PR,  PL,  QR,  and  QL 
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being  the  resistances  of  the  current  leads  of  these  coils.  R  and 
S  are  1-ohm  standards,  a  =  /3  =  1  ohm  and  QK  +  PL  =  d.  The 
galvanometer  is  permanently  connected  as  shown  in  fig.  6,  but  the 


Fig.  6. 


battery  leads  are  successively  joined  to  the  junctions  of  P  '  PR  and 
Q'QL,  P'PR  and  S'QL,  R'PM  and  Q'QL.  The  coils  R  and  8 
are  shunted  to  effect  a  balance.  Representing  the  shunted  values 
of  R  and  S  by  Rl  R2  Rs,  8l  S2  8S,  etc.,  we  have 


p_ 


/ON 


R     a\ 
T 


In  practice,  the  value  of  d/3/(a  +  /8  +  d)  does  not  exceed  0'00006 
ohm,  and  the  expression  accompanying  this  is  normally  of  the 
order  O00005  ohm,  so  that  the  last  term  in  the  above  equations  is 
negligible.  From  (1)  and  (2)  QL  =  (R,/Sl  -  R^/S^/2,  and  from  (1) 
and  (3)  PR  =  (Rs/S3-Rl/S1)/2. 

P  and  Q  are  now  exchanged  in  position,  when 


the  values  of  QL  and  PR  being  determined  as  before.     If  the  coils 
are  not  very  different  from  their  nominal  values  we  may  now  write 

-P  -  Q  =  H(-R.  -  R>)  +  (St  -  s,)  +  2  (P,  -  QL)]  , 

a  difference  readily  determined  from  the  shunts  employed.     With 
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a  galvanometer  resistance  of  3  ohms  the  sensitiveness  is  pro- 
portional to  0-20  iA  VjP.  For  coils  without  potential  leads,  in 
which  case  the  method  of  comparison  is  simplified,  the  sensitive- 
ness is  0*25  iAVP,  the  same  as  for  the  Carey  Foster  bridge 
employing  equal  coils  and  a  galvanometer  resistance  of  2  ohms. 
The  latter  method  is,  however,  inapplicable  to  coils  with  potential 
leads,  necessitates  a  calibration  and  standardisation  of  the  bridge 
wire,  is  more  troublesome  in  practice,  and  the  accuracy  is  limited, 
not  by  the  general  arrangement  of  the  bridge  arms  but  by 
the  openness  of  the  bridge  wire  and  the  accuracy  of  the  scale 
and  vernier. 

The  following  table  gives  the  difference  in  values  of  four  coils 
with  potential  leads,  every  possible  combination  being  taken.    The 


Temperature 

Difference  at  17°  C. 

1905 

Coils 

of 

Mean 

Observation 

1  x  10~7  Ohm 

July  21    . 

2351—2205 

17-01°  C.          492 

493 

492 

492 

» 

2351—2206 

16-96°  „           425 

424 

426 

425 

55 

2483—2351 

16-86°  „ 

143 

143 

144 

143 

J) 

2483—2205 

17-10°  „           635 

635 

637 

636 

2483—2206 

17-12°  „ 

569 

568 

567 

568 

, 

2206—2205 

17-06°  „ 

068 

067 

066 

067 

Sept.  8    . 

2351—2205 

17-25°  „           475 

474 

476 

475 

. 

2351—2206 

17-22°  „           345 

344 

344 

344 

2483—2351 

17-19°  „           357 

356 

356 

356 

2483—2205 

17-33°  „           831 

832 

832 

832 

55 

2483—2206 

17-38°  „ 

701 

702 

700 

701 

» 

2206—2205 

17-30°  „ 

131 

130 

130 

130 

differences  in  the  first  column  result  from  the  exchanging  of  the 
coils  in  the  bridge  arms ;  the  differences  in  the  second  and  third 
columns  are  deduced  from  observations  of  the  two  coils  with  a 
common  standard.  Thus,  from  the  first  and  second  recorded 
-observations,  the  difference  2206—2205  is  130  x  10~7  ohm.  The 
probable  error  is  of  the  order  of  1  part  in  10,000,000.  The  tem- 
perature coefficients  of  these  four  coils  are  not  very  different,  and 
average  O'OOl  per  cent,  per  1°  C.  The  bath  used  for  the  comparison 
is  that  described  in  the  Phil.  Trans.  A,  373,  p.  87,  1904. 

The  differences  recorded  above  indicate  that  at  least  three  of 
the  four  coils  changed  between  the  dates  of  the  observations.  In 
.a  similar  manner,  very  small  changes  have  been  observed  in  a  few 
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coils  in  an  interval  of  twenty-four  hours.  Such  changes  are  very 
interesting,  bub  cannot  be  discussed  here. 

Ten,  100,  and  1000  ohm  Coils  and  Resistances  of  a  Higher 
Value. — By  the  bridge  method  the  probable  error  in  the  evaluation 
of  a  resistance  of  10n  ohm  is  n  times  the  error  of  the  10  ohms 
built  up  from  the  unit.  This  latter  error  must,  therefore,  be 
made  as  small  as  possible.  The  "build-up"  should  contain  no 
variable  contacts,  and  the  lines  of  flow  in  the  coils  when  these 
latter  are  evaluated  singly  should  be  practically  identical  with  the 
lines  of  flow  when  the  coils  are  in  series.  At  the  National  Physical 
Laboratory  three  special  build-up  boxes  have  been  constructed. 
The  10-ohm  build-up  is  here  described.  In  this  the  coils  are  of 
nominal  value,  1,  1,  2,  2,  5  ohms,  and  may  be  described  as  la,  I/3> 
2a,  2/3,  and  5.  Each  coil  is  of  manganin,  is  immersed  in  oil,  and 
connected  by  two  copper  posts  to  massive  copper  blocks,  the 
blocks  being  provided  with  side  terminals  and  mercury  contacts. 
The  coils  la  and  1/3  are  evaluated  by  the  Kelvin  double  bridge  as 
described  for  standard  unit  coils.  The  leads  to  the  bridge  are 
from  the  mercury  cups,  and  the  connexions  with  the  shunt 
coils  a  and  ft  are  from  the  side  terminals.  The  resistance  thus 
measured  is  that  between  two  points  lying  centrally  under  the 
mercury  contacts  in  the  copper  blocks.  The  value  of  the  5,  2/3, 
2a,  and  1/3  in  series  will,  therefore,  be  exactly  equal  to  the  sum  of 
their  individual  values.  The  coils  la  and  1/3',  la,  1/3,  and  2a;  2a 
and  2/3 ;  and  1/3,  2a,  2/3,  and  5  are  compared  by  forming  a  simple 
bridge,  the  coils  in  the  other  arms  being  of  10  ohms  resistance. 
A  reversal  in  position  of  the  two  coils  enables  the  difference  to 
be  accurately  found.  Finally  the  5,  2/3,  2a,  and  I/?  are  employed 
to  evaluate  a  10-ohm  coil.  100  and  1000  ohms  are  built  up  in  a 
similar  manner. 

Let  the  constructional  errors  of  the  10,  100,  and  1000  ohms 
build-up  boxes  be  a,  6,  and  c  respectively.  Then,  if  we  neglect 
the  errors  of  observation,  which  are  small,  the  error  of  a  10-ohm 
is  a,  of  a  100-ohm  (a  4-  b),  and  of  a  1000-ohm  (a  +  b  +  c).  If 
the  100  and  1000  ohm  coils  are  evaluated  by  a  Wheatstone 
bridge  using  the  10  to  1  ratio,  then  the  error  of  the  100-ohm  is 
2a,  and  of  the  1000-ohm  3a.  Hence,  if  in  practice  a  =  b,  and 
2a  =  b  +  c,  the  probable  error  of  the  build-up  values  must  be  very 
small.  Observations  show  that  the  differences  2a  —  (b  +  c), 
3a  —  36,  etc.,  are  not  measurable  with  certainty,  for  not  only  are 
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US!) 


the  observed  differences  very  small,  but  often  the  sign  changes. 
The  differences  resulting  in  one  set  of  observations  is  given  in  the 
following  table : — 

June  11,  1906.     Observed  Values  in  Int.  Ohms  at  17°  C. 


— 

L-19 

2450 

2449 

From  build-up  boxes            
From  1  to  10  ratio  by  use  of  Wheat-  ) 
stone  bridge                                   ] 
From  build-up  boxes            

9-999797 
9-999793 

100-0087 
1000086 

100-0086 

1000-53o 
1000-527 
1000-528 
1000-529 

The  values  given  on  the  first  and  fourth  lines  are  from  the 
three  build-up  boxes.  The  second  values  of  2450  and  2449  are 
obtained  by  the  bridge,  using  the  1  to  10  ratio  from  the  first 
build-up.  The  third  value  of  2449  results  from  the  1  to  10  ratio 
from  the  second  build-up,  and  the  probable  error  is  therefore  36. 

Low  Resistance  Standards. — A  large  number  of  methods  have 
been  suggested  for  the  measurement  of  small  resistances,  and  as 
many  of  these  are  known  to  be  in  use,  it  may  be  of  service  to 
point  out  the  advantages  and  disadvantages  of  each. 

(a)  Matthiessen  and  Hockiris  Method  (fig.  7). — By  adjusting 
the  resistances  R  and  S,  a  balance  is  obtained  with  the  galvano- 
meter arm  connecting  R '  S  with  each  of  the  potential  points  of  P 

Fig.  7. 


and  Q  in  succession.  The  value  of  R  +  S  is  kept  constant.  The 
ratio  of  R  to  8  is  necessarily  very  great  in  one  of  the  observations, 
and  the  sensitiveness  is,  therefore,  very  small  (see  expression  (D), 
p.  680).  The  method  is  unsuited  for  accurate  work. 
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(6)  Method  suggested  by  Lord  Rayleigh  (fig.  8).  —  As  an  alter- 
native to  the  previous  method,  the  following  process  was  suggested 
by  Lord  Rayleigh  in  1884*.  P  is  the  low  resistance  whose  value 
is  required.  Q  is  a  one-  or  tenth-ohm  standard  which  is  shunted 
by  the  resistances  b  and  c,  the  ratio  of  c  to  b  being  approximately 
equal  to  Q/P  if  the  resistance  of  the  galvanometer  is  compara- 
tively great.  When  the  galvanometer  is  connected  across  b,  c  is 
adjusted  until  the  combination  gives  the  same  effect  upon  it  as  P 
does.  Then,  supposing  the  resistance  of  the  galvanometer  branch 
to  remain  constant, 


Q  +  b+c  +  bc/G' 

The  method  may  be  made  a  null   one  by  using  a  differential 
galvanometer  and  an  additional  resistance  8  (approximately  equal 


Fig.  8. 


i O , 


/WX 


to  P)  in  the  main  circuit.  One  coil  of  the  galvanometer  is  con- 
nected across  P  and  the  other  across  S,  the  resistance  of  the 
galvanometer  arm  of  S  being  adjusted  until  there  is  no  deflection. 
The  P  galvanometer  coil  is  then  joined  across  b,  and  c  adjusted  to 
obtain  a  balance.  Small  variations  in  current  strength  have  no 
effect,  but  the  current  must  be  reversed  and  the  combination 
readjusted  in  order  to  eliminate  thermal  E.M.F.'S.  The  resistance 
of  the  galvanometer  branch  is  not  constant  unless  the  potential 
leads  of  P  are  equal  in  resistance  to  those  of  6.  In  order  to 
neglect  the  resistance  of  these  leads,  and  to  make  bc/G  compara- 
tively small,  G  must  be  great.  This  diminishes  the  sensitiveness. 
If  Q  is  made  greater  than  1,  the  maximum  permissible  current 
in  the  main  circuit  is  reduced,  and  the  sensitiveness  is  again 
diminished.  Suppose  that  P  =  O01,  Q  =  l,  6  =  1,  c  =  97,  and 
£  =  100  +  ^  where  x  is  small.  Then  P  =  l/(99  +  0'97  -  O'OLc). 

*  Camb.  Phil.  Soc.  Proc.  1884,  v.  p.  133. 
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Hence,  if  the  value  of  P  is  desired  to  be  correct  within  O'OOl  per 
cent.,  the  value  of  the  galvanometer  resistance  must  be  known  to 
1  part  in  1000.  Although  not  so  sensitive  as  other  methods 
described  hereafter,  the  process  is  interesting.  The  combination 
of  resistances  Q,  b,  and  c  was  used  by  Lord  Rayleigh  in  the 
determination  of  the  ohm  by  the  method  of  Lorenz. 

(c)  Housinaris  Method*  (fig.  9).— The  first  stage  in  the 
process  is  to  measure  the  ratio  of  P  to  Q  by  shunting  R  or 
(S  +  Q').  The  second  is  to  shift  one  galvanometer  lead  and  one 
battery  lead  and  measure  the  ratio  of  (P  +  Q)  to  Q'.  Q7  is  a 
1-ohm  coil.  For  precision  work  the  leads  connecting  Q*  to  S  and 
P  to  .R  must  be  known.  The  great  disadvantage  of  this  method 

Fig.  9. 


is  that  the  current  through  P  in  the  second  measurement  must 
be  comparatively  small.  Thus,  if  P  =  O'OOOl,  Q  =  O'Ol  and  Q'  =  1, 
the  maximum  permissible  current  through  P  (if  P  is  the  usual 
type  and  size  of  standard  resistance)  is  100  amperes;  through  P 
and  Q  in  series  10  amperes,  and  through  P  +  Q  +  Q>  in  series, 
1  ampere.  The  necessary  ratio  of  the  arms  S  and  R  is  also  un- 
suited  for  accurate  work. 

(d)  Two-step  Method^  (A.  Campbell)  (fig.  10).— A  suitable 
small  resistance,  whose  value  need  not  be  accurately  known,  is 
inserted  at  U,  and  is  adjusted  by  shunting  until  the  galvanometer 
balances  in  position  a.  The  galvanometer  is  then  brought  into 
position  b  and  balance  obtained  by  another  shunt  at  R  or  S.  By 
repeating  this  process  a  few  times  the  balance  is  good  in  both 


Electrician,  1897,  XL.  p.  300. 


t  Phil.  Mag.  July  1903. 
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positions.  The  method  is  about  50  per  cent,  more  sensitive  than 
the  Kelvin  double  bridge  if  equally  favourable  arrangements  are 
made,  but  it  is  much  less  convenient  in  practice.  The  leads  con- 
necting P  to  R  and  Q  to  S  have  to  be  evaluated  by  changing  the 
position  of  the  battery  leads. 

Fig.  10. 


c  — 

P                                Q 

R      \^       "f  *    s 

(e)  Potentiometer. — With    very    small    resistances,    if    great 
sensitiveness  is  required,  two  currents  of  large  value  have  to  be 
maintained  in  a  steady  state.     As  the  probable  error  is  propor- 
tional to  the  variation  in  the  current  strengths  this  necessitates 
great  care.     In  practice  the  sensitiveness  may  be  made  greater 
than    that    of    any    other    method.     If    P  =  O'OOOl,  R  =  O'OOl, 
Q  =--  O'OOl,  S  =  O'Ol  (see  fig.  3),  and  if  we  suppose  the  resistance 
of  the  other  portions  of  the  circuits  to  be  comparatively  great, 
then,  with  G  =  1  ohm,  the  sensitiveness  for  one  position  of  balance 
is   proportional   to   0'01?'AVP,  and   for  the    second    position   of 
balance   0*031  i  A  \/R.     If  Q  =  l,    $  =  10,  the  sensitivities  corre- 
sponding are  proportional  to  0'005  i'A  VP  and  0*0029  i  A  \/R. 

(f)  Kelvin  Double  Bridge*  (fig.  11). — For  measurements  of 
precision  this  method  is  used  at  the  National  Physical  Laboratory. 
Balance  is  first  obtained  by  shunting  R  or  S,  when 

P  =  ^'+._JW_ 

R   and    S'    representing    the    shunted    values    of    R  +  L    and 

*  W.  Thomson,  Phil.  Mag.  1862,  24,  149.     See  also  Jaeger,  St  Lindeck,  and 
Diesselhorst,  Zeitschr.  Instrumentenk.  1903,  33. 
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L'  +  L".  To  obtain  the  value  of  L  the  battery  lead  at  P'L 
is  disconnected  and  joined  to  L '  R  and  the  bridge  again  balanced. 
Lf  +  L"  is  similarly  evaluated  (see  example  which  follows).  To 
obtain  d,  a  and  ft  are  disconnected  and  the  galvanometer  circuit 
completed  by  connecting  to  the  junction  of  Q  and  d  and  balancing. 
The  ratio  of  a  to  ft  must  be  known  with  considerable  accuracy 
if  d  is  comparatively  great,  a  consists  of  a  resistance  coil  plus  a 
potential  lead  of  P,  and  ft  of  another  coil  plus  a  potential  lead 
of  Q;  hence  the  ratio  must  be  determined  with  a  and  ft  in 
position  in  the  bridge.  The  bridge  is  first  balanced  in  the 


ordinary  way  by  shunting  R  or  S.  The  connector  which  joins  P 
to  Q  through  the  arm  d  is  then  removed  and  balance  restored  by 
shunting  a  or  ft.  The  original  arrangement  is  restored  and  the 
bridge  balanced  again.  Thus,  by  successive  approximations,  we 
have 

P 


Q-Q  +  p-/3     S" 

D' 

where  R  and  8'  are  the  shunted  values  of  R  and  8.     Thus  -^  is 

equal  to  a/ ft  within  the  limits  of  the  errors  of  measurement.  It 
does  not  follow,  however,  that  dft/(ct  +  ft  +  d)x  (R'/S1  -  a/ ft)  is 
negligibly  small.  It  is  only  so  if  the  value  of  dft/(a  +  ft  +  d)  does 
not  exceed  the  value  of  P.  If  the  value  be  NP  and  the  probable 
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error  of  an  observation  is  1  x  10~~n,  then  the  error  of  the  final 
result  is  not  less  than  N  x  10~n.  It  will  be  seen  from  this  that 
the  current  leads  of  standard  resistances  intended  for  measure- 
ment on  the  Kelvin  double  bridge  should  have  a  resistance  not 
greater  than  the  standard  itself.  In  some  commercial  standards 
the  resistance  of  the  current  leads  plus  the  connectors  necessary 
for  their  measurement  is  greater  than  that  of  the  standard  strip. 
In  such  cases  the  potentiometer  or  Kohlrausch  differential  galvano- 
meter should  be  employed.  In  the  department  of  Electrotechnics 
at  the  National  Physical  Laboratory  the  potentiometer  is  used. 
The  sensitiveness  of  the  Kelvin  bridge  is  less  than  that  of  the 
potentiometer,  but  it  is  more  convenient  in  practice.  In  the 
bridge,  if  P  =  0-0001,  Q  =  0-001,  jR  =  l,  S  =  10,  a=l,  0  =  10,  the 
sensitiveness  is  proportional  to  0'0034  t'A  VP.  The  galvanometer 
resistance  is  supposed  to  be  2  ohms.  An  example  follows.  For 
simplicity  P  —  O'l  ohm. 

P=  No.  2484=  O'l  ohm  with  potential  leads.  Value  desired. 

$  =  No.  2351=   1-0    „       „  „  „  Value=   1'000005  at  17'0°C. 

^  =  No.  2483=   1-0     „       „  „  „  Value=   1-000024  „ 

S=  No.  1693  =  10-0  ohms.    No  potential  leads.  Value  =  10'00018     „        „ 
a=l         /3=10         £ 


Balance  was  effected  by  shunting  R  with  122,000  ohms.  The 
connector  completing  the  branch  d  was  then  removed  and  balance 
again  established  by  shunting  a.  with  6500  ohms.  The  balance 
still  held  good  when  the  connector  was  restored  in  position.  Hence, 
if  R  and  a!  represent  the  shunted  values  of  R  and  a, 

P_P  +  a'_a/^      R'+L 

Q-Q  +  0-  {3~S  +  L'+L"> 

the  probable  error  of  these  ratios  being  of  the  order  O'OOOl  per 
cent,  in  the  present  instance.  The  value  of  d  (for  measurement 
see  the  following  table)  is  equal  to  0'000128  ohm,  and  is  less 
than  P.  Hence 

Q(R'  +  L)    _  1-00000,  x  (1-00001,  +  Q-Q001 19) 
~S+L'  +  L"~  lO'OOOlg  +  0'00012 

=  01000110  at  17-0°  C. 

The  manner  in  which  d,  L,  and  (L'  4-  L")  were  evaluated  will  be 
seen  from  the  accompanying  table.  This  is  a  good  instance  of  a 
measurement  involving  a  number  of  connecting  pieces  which  must 
be  evaluated  in  position. 
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Position  of    Position  of 
Galvanometer     Battery 

Leads  Leads  Balancing  Condition  Ohm 

(1)  L"-R    a- ft      P-L    Q-L'  Shunt  on  R  =  ] 22000      Equivalent  change  =  0-00000W 

(2)  „         „       L-R    Q-L'          „       ,,  S  =     8150  „  „       =0-00122. 

(3)  L"-S      „        P-L     S-U          „       „  R=     7100  „  ,,       =0-00014, 

(4)  L"-R    Q-d     P-L    Q-L'          „       „  S=     8370  „  „       =0-00119, 

From  (1)  and  (2)  L  =10(0-0001308)/11  =  0-00011S 
„  (1)  „  (3)  L'  +  L"=  10  (0-000133)  /11  =  0'00012, 
„  (1)  „  (4)  d  =  0-000128 

(g)  The  Differential  Galvanometer*. — This  method  is  usually 
used  for  comparing  resistances  which  are  nominally  equal.  It  is 
not  convenient  for  their  evaluation  from  the  unit  by  means  of  a 
ratio  of  1  to  10. 

The  difference  of  the  currents  through  the  galvanometer  coils 
is  i(Pg-QG)/G(Q  +  g)  where  G  and  g  are  the  resistances  of  the 
galvanometer  circuits  (see  fig.  4).  This  is  equal  to  zero  when 
P/Q  =  Gld>  When  this  latter  condition  holds  there  will  in  general 
be  a  deflection  owing  to  want  of  symmetry  of  the  galvanometer 
coils.  If  P  =  1  and  Q  =  10,  then  the  ballast  resistance  in  circuit 
with  g  or  G  may  be  adjusted  until  there  is  no  deflection.  In  such 
a  case,  if  two  other  coils,  P'=0'l  and  Q'  =  TO,  are  substituted 
for  P  and  Q  (G  and  g  remaining  as  before),  and  ten  times  the 
previous  current  sent  through  them,  there  will  be  no  deflection 
when  P/Q  =  P'/Q'.  In  general,  however,  the  maximum  permissible 
current  is  VlO  times  that  previously  employed,  and  any  want  of 
symmetry  in  the  galvanometer  coils  does  therefore  introduce  an 
error.  In  addition,  the  substitution  of  P'  and  Q*  for  P  and  Q 
changes  the  values  of  G  and  g,  because  these  latter  include  the 
potential  leads  of  the  resistances  and  also  the  contact  resistances 
introduced.  If  G  and  g  are  comparatively  large,  the  error  is 
reduced,  but  so  also  is  the  sensitiveness.  In  the  same  way,  errors 
are  introduced  in  the  comparison  of  nominally  equal  resistances. 
In  this  latter  case  if  P  and  Q  are  exchanged,  P  is  equal  to  Q  when 
there  is  no  change  in  the  deflection,  and  no  error  is  introduced  by 
want  of  symmetry  in  the  galvanometer  coils  or  inequality  of  the 
resistances  of  the  galvanometer  circuits,  always  supposing  that 
these  latter  remain  constant  throughout  the  observations.  Un- 
fortunately, the  resistances  of  these  circuits  do  change,  for  the 

•     *  See  Heaviside's   Papers,   vol.    i.     Also   C.  W.  S.  Crawley,  Journ.   In*t.   of 
Electrical  Engineers,  April  1904. 
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reason  previously  given,  and  the  error  introduced  may  be  con- 
siderable. Let  P  =  Q  =  O'l  ohm.  and  let  the  resistance  of  the 
leads  of  P  =  O'OOOl  ohm,  and  of  Q  =  0'0002  ohm.  (In  some  low 
resistances  the  potential  leads  are  of  the  order  0*01  ohm.)  Then 
if  6r  =  1,  and  no  correction  is  applied  for  the  inequality  of  the 
leads,  the  error  of  measurement  is  O'Ol  per  cent.  If  G  =  100  ohms, 
the  error  is  O'OOOl  per  cent.,  but  the  sensitiveness  is  reduced  to 
one-fifth  of  its  former  value.  Such  errors  are  abolished  if  the 
Kohlrausch  method  of  overlapping  shunts*  is  used,  of  which  a 
diagram  of  connexions  is  given  in  fig.  13.  In  fig.  12  let  P  =  Q. 
Then,  unless  there  is  symmetry  of  the  galvanometer  coils  and 


Fig.  12. 


Fig.  13. 


equality  of  resistance  of  their  arms,  there  will  be  a  deflection. 
Supposing  that  G  and  g  can  be  exchanged  in  position  by  sub- 
stituting for  X  a  resistance  practically  identical  with  it,  then  the 
deflection  will  be  of  the  same  magnitude  and  of  the  same  sign  as 
before.  In  practice  P  is  made  equal  to  Q  by  shunting  one  of 
the^m,  the  equality  being  determined  by  the  equality  in  magnitude 
and  sign  of  the  deflection  before  and  after  interchanging  G  and  g. 
The  exchange  is  effected  by  a  six-pole  switch  as  shown  in  fig.  13. 
The  resistance  of  the  galvanometer  circuits  is  thus  constant,  and 
it  is  apparent  that  the  Kohlrausch  method  of  using  the  differential 
galvanometer  is  the  only  one  so  far  suggested  that  can  be  used  for 
precision  measurements. 

*  Wied.  Ann.  1883,  2O,  76.     See  also  article  by  Jaeger,  Zeitschr.  Instrumenten- 
kunde,  1904,  288. 
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THE  main  work  during  the  year  has  been  the  completion  of 
the  work  with  the  ampere  balance.  The  general  results  are 
referred  to  in  some  detail  below.  The  final  measurements  confirm 
the  opinion  expressed  in  last  year's  Report  that  an  accuracy  of  a 
few  parts  in  100,000  might  be  reached.  It  appears .  that  the 
result  is  probably  accurate  within  1  in  50,000. 

Interim  reports  on  the  ampere  balance,  indicating  the  progress 
of  construction,  adjustment,  and  use  of  the  instrument,  have  been 
submitted  to  the  Association  since  1904. 

The  Committee  are  now  pleased  to  report  that  the  balance  con- 
tinues to  give  complete  satisfaction.  During  the  past  year  it  has 
been  much  used  for  determining  the  E.M.F.  of  the  Weston  Normal 
Cadmium  Cell  and  the  electro-chemical  equivalent  of  silver.  A 
description  of  the  instrument,  its  construction  and  adjustment, 
and  the  results  obtained  with  it  in  the  cadmium  cell  determina- 
tions, has  been  prepared  and  submitted  to  the  Royal  Society  for 
publication  in  its  Transactions,  by  Professor  Ayrton,  Mr  Mather, 
and  Mr  F.  E.  Smith.  An  account  of  the  work  on  the  electro- 
chemical equivalent  of  silver  is  well  advanced  and  will  be  published 
shortly. 

In  all  some  71  observations  have  been  made  on  a  certain 
cadmium  cell  (No.  2),  using  both  sets  of  coils  on  the  balance,  and 
13  observations  in  which  one  or  other  of  the  two  sets  was  em- 
ployed. The  agreement  between  the  individual  results  obtained 
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with  the  two  sets  of  coils  is  remarkable,  the  average  difference 
from  the  mean  amounting  only  to  6  parts  in  a  million.  The  whole 
series  of  observations  extended  over  a  period  of  nineteen  months 
(September  1905  to  April  1907),  and  during  that  time  the  coils 
of  the  balance  were  reset  five  times.  No  determination  made  has 
been  omitted,  except  those  in  which  the  observations  were  of  such 
a  nature  that  a  decision  to  disregard  the  result  was  arrived  at 
before  its  computation.  Such  occasions  were  rare. 
Of  the  71  observations  made 

7  are  within     1  in  a  million  of  the  mean 
14  9 

55  ))  55  55  55  55 

"8     »         55          5       „         „  „  „ 
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1  W          55  55  ^V  >5  55  55  55 

Only  one  determination  out  of  the  whole  71,  and  this  one  of  the 
earliest,  differs  from  the  mean  by  so  much  as  1  part  in  59,000. 

The  above  facts  constitute  important  evidence  of  constancy  in 
both  balance  and  cell.  In  fact,  both  current-weigher  and  cell 
proved  to  be  much  more  constant  and  reliable  than  the  standard 
resistance,  although  the  latter  was  very  carefully  made  and  annealed 
with  a  view  to  ensuring  permanency. 

Expressed  in  terms  of  the  international  ohm  as  realised  at  the 
National  Physical  Laboratory,  and  of  the  ampere  as  given  by  the 
new  current-  weigher,  we  find  that  the  value  of  C  x  R  for  the 
Weston  normal  cadmium  cell  is  1'018305  at  17°  C. 

This  assumes  that  the  value  of  g  at  Teddington  is  981'19,  a 
number  probably  correct  to  within  3  parts  in  100,000.  An  un- 
certainty of  this  amount  in  g  introduces  a  possible  error  of  1£  parts 
in  100,000  in  the  value  of  the  ampere,  and,  as  all  other  probable 
errors  are  smaller  in  magnitude,  it  is  important  that  a  more 
accurate  determination  of  g  be  made. 

To  realise  the  volt  with  an  accuracy  approaching  that  of  the 
ampere,  as  now  known,  it  is  necessary  that  an  absolute  determina- 
tion of  resistance  of  corresponding  precision  be  undertaken. 
Through  the  kindness  of  the  Drapers'  Company  of  London  it  is 
hoped  that  such  a  determination  by  means  of  a  Lorenz  apparatus 
may  be  commenced  at  the  National  Physical  Laboratory  before 
the  end  of  next  year.  At  the  present  time  the  uncertainty  in  the 
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absolute  value   of  the   international  ohm  approximates  to  4  in 
10,000. 

From  the  above  value  ofCxR  for  the  cadmium  cell,  together 
with  the  ratio  of  Clark  to  cadmium,  viz., 

Clark  at  15°  C. 
Cadmium  at  17°  C.  " 

the  E.M.F.  of  the  Clark  cell  at  15°  C.  becomes  1'4323. 

The  Committee  recognise  very  fully  the  skill  and  devotion  of 
Mr  Mather  and  Mr  Smith,  on  whom  the  work  of  carrying  out  the 
experiments  has  fallen,  and  have  invited  these  gentlemen  to  become 
members  of  the  Committee. 

Papers  by  Mr  F.  E.  Smith,  of  the  National  Physical  Laboratory, 
dealing  with  the  use  of  the  silver  voltameter  and  the  preparation 
of  the  Weston  cadmium  cell,  are  nearly  ready  for  publication. 

Some  preliminary  work  has  also  been  done  on  the  design  for 
the  Lorenz  apparatus,  the  funds  for  which  are  being  found  by  the 
Drapers'  Company.  The  proposed  design  embodies  new  features 
of  importance. 

With  regard  to  the  proposed  Conference  on  Electric  Units, 
further  consideration  led  to  the  conclusion  that  a  year's  delay  was 
desirable,  and  in  consequence  the  meeting  was  postponed  from 
October  1906  to  October  1907.  With  a  view  to  a  preliminary 
agreement  on  the  matters  to  be  raised,  correspondence  has  passed 
during  the  year  between  the  Secretary,  acting  as  Director  of  the 
National  Physical  Laboratory,  and  the  heads  of  standardising 
laboratories  in  other  countries.  The  Conference  will  probably 
deal  with  the  drawing  up  of  an  International  Convention  relative 
to  Electric  Units,  which  should  include  the  draft  of  a  form  of  law 
which  might  be  adopted  generally  in  the  various  countries  re- 
presented, and  the  consideration  of  the  steps  necessary  to  secure 
uniformity  in  the  carrying  out  of  the  laws  in  different  countries, 
and  to  arrange  for  determinations  necessary  for  this  purpose. 

The  necessary  invitations  for  the  Conference  are  being  issued 
by  his  Majesty's  Government. 

To  secure  uniformity  in  carrying  out  the  law  it  will  be 
necessary  that  specifications  for  constructing  and  using  a  mercury 
unit  of  resistance,  for  setting  up  and  working  a  silver  voltameter, 
and  for  preparing  a  standard  cell,  be  approved  either  by  the  Con- 
ference itself  or  by  some  body  nominated  by  the  Conference  for 
this  purpose. 
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With  a  view  to  aiding  discussion,  very  detailed  specifications 
dealing  with  the  voltameter  and  the  cell  have  been  prepared  by 
the  National  Physical  Laboratory  and  issued  to  other  standardising 
institutions.  These  are  printed  in  Appendices  II.  and  III. 

It  is  not  suggested  that  the  final  specifications  need  be  so  full  or 
so  detailed,  but  it  was  thought  well  that  all  information  necessary 
to  assist  in  criticising  the  results  should  be  included. 

The  work  on  the  silver  voltameter  and  Weston  cell  still  con- 
tinues, and,  in  view  of  the  deliberations  of  the  Conference,  it  is 
probable  that  further  expenditure  will  be  required.  The  accounts 
show  that  a  balance  of  10s.  8d.  remains  from  the  grant  of  £50 
made  last  year.  The  grant  has  been  spent  on  the  purchase  of 
material  and  appliances  for  the  research. 

In  view  of  the  importance  of  bringing  the  work  of  re- 
determining  the  values  of  the  fundamental  units  to  a  satisfactory 
conclusion,  the  Committee  recommend  that  they  be  reappointed, 
with  a  grant  of  £50,  and  with  the  addition  of  the  names  of 
Mr  A.  P.  Trotter,  Mr  T.  Mather,  F.R.S.,  and  Mr  F.  E.  Smith ;  that 
Lord  Rayleigh  be  Chairman  and  Dr  Glazebrook  Secretary. 


APPENDIX  I. 

Notes  on  the  Present  Condition  of  the  Work  on  Electric  Units  at 
the  National  Physical  Laboratory.     By  F.  E.  SMITH. 

(From  the  National  Physical  Laboratory.} 

1.  The  Ohm.  (a)  Absolute  Unit. — The  value  of  a  resistance 
in  absolute  measure  is  still  subject  to  considerable  uncertainty; 
the  most  satisfactory  value  is  obtained  from  the  mean  of  the 
results  obtained  for  the  ratio  of  the  International  Ohm  to  the 
absolute  ohm*. 

A  provisional  design  has  been  prepared  for  the  Lorenz 
apparatus  which  the  Drapers'  Company  are  kindly  presenting  to 
the  National  Physical  Laboratory,  and  experiments  to  test  the 
more  important  features  of  the  design  are  in  progress.  It  is  hoped 
to  realise  the  ohm  in  absolute  measure  to  within  1  part  in 
100,000.  The  experience  gained  in  the  construction  of  many  of 
the  fittings  of  the  ampere  balance  will  greatly  facilitate  the  work. 

(6)  International  Unit — Further  comparisons  of  some  of  the 
mercury  standards  of  the  National  Physical  Laboratory  were 
*  See  table  in  the  Brit.  Assoc.  Rep.  for  1892. 
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made  in  October  and  November  1906.  There  appears  to  have 
been  no  change  in  any  of  the  tubes  which  affects  the  resistance 
of  the  contained  mercury  columns  by  as  much  as  1  part  in 
100,000.  The  following  table  gives  the  observed  differences  in 
1903  (the  year  of  their  construction)  and  in  October  and  November 
1906. 

Mercury  Standards  Observed  Difference  in  Observed  Difference  in 

Compared  Int.  Ohms  in  1903  Int.  Ohms  in  1906 

M-P  0000694  0-000686 

M-T  88fl  892 

M-  U  947  953 

M-  V  298  30, 

M-X  013  023 

2.  The  Ampere,  (a)  Absolute  Measure. — When  the  ampere 
balance  was  designed  it  was  hoped  by  means  of  it  to  measure  a 
current  in  absolute  value  to  within  1  part  in  10,000,  but  it  will 
be  seen  from  the  report  on  the  balance  that  the  evaluation  of  a 
current  of  nominal  value  1  ampere  is  subject  to  an  error  which 
appears  to  be  not  greater  than  1  part  in  50,000. 

(b)  International  Unit  of  Current. — The  International  Con- 
ference on  Electric  Units  at  Charlottenburg  (1905)  reaffirmed 
the  definition  of  the  International  ampere  in  terms  of  the  deposit 
of  silver  in  a  silver  voltameter  or  coulometer,  but  expressed  the 
opinion  that  the  information  before  it  was  insufficient  to  enable 
it  to  propose  any  alteration  in  the  formerly  accepted  value  for 
the  ampere,  or  to  lay  down  exact  directions  in  respect  to  the  silver 
voltameter. 

The  Rayleigh  type  of  voltameter  has  been  used  in  a  large 
number  of  investigations,  but  the  researches  of  Rodger  and 
Watson,  Richards,  Kahle,  and  others  have  shown  that  this  volta- 
meter as  generally  employed  gives  results  which  may  vary  as 
much  as  1  part  in  1000. 

In  the  research  at  the  National  Physical  Laboratory  a  repro- 
ducible type  of  voltameter  was  sought,  but  after  making  a  large 
number  of  observations  on  various  forms  it  was  found  that,  subject 
to  certain  easily  attained  conditions,  all  the  forms  give  identical 
results  to  within  1  part  in  100,000.  As  the  Rayleigh  type  is  the 
simplest  to  erect  and  produces  the  least  variation  in  the  current 
strength,  it  is  proposed  that  this  form  be  specified.  The  con- 
clusions arrived  at  in  the  research  differ  appreciably  from  those  of 
most  other  observers,  and  attempts  have  been  made  experimentally 
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to  reproduce  the  conditions  under  which  they  worked.  In  part  we 
have  been  successful,  but  there  are  still  anomalous  results  for  which 
we  can  at  present  offer  no  explanation. 

It  is  certain,  however,  though  the  complete  chemistry  of  the 
silver  voltameter  or  coulometer  is  unknown,  that  a  reproducible 
type  can  be  specified,  and  that  the  International  ampere  can  be 
defined  in  terms  of  the  deposit  of  silver  with  very  great  accuracy, 
certainly  to  1  part  in  100,000. 

The  Standard  Cell. — For  the  past  five  years  experiments  have 
been  made  at  the  National  Physical  Laboratory  on  Clark  and  on 
Weston  cadmium  cells,  and  two  years  ago  a  provisional  specifica- 
tion of  the  cadmium  cell  was  published.  It  is  gratifying  to  know 
that  the  specification  proved  of  value,  for  in  1906  fifty-one 
cadmium  cells  were  submitted  for  test  at  the  National  Physical 
Laboratory,  and  all  of  these  were  prepared  on  the  lines  of  the 
specification.  The  cells  were  intended  for  commercial  use,  and 
they  were  packed  with  small  crystals  of  cadmium  sulphate  to  be 
more  portable ;  we  have  reason  to  believe  that  in  some  cases  the 
mercurous  sulphate  had  not  been  properly  washed,  and  in  other 
cases  the  solution  of  cadmium  sulphate  was  slightly  acid.  Never- 
theless the  E.M.F.  of  these  cells  agreed  with  the  N.P.L.  cells  to  within 
about  2  parts  in  10,000,  the  N.P.L.  cells  having  the  lower  voltage. 
Standards  more  carefully  set  up  have  been  submitted  by  two 
observers  for  comparison  with  the  N.P.L.  cells  in  accordance  with 
the  offer  made  in  the  British  Association  Report,  1905.  The  cells 
prepared  by  one  of  these  observers — Mr  Tinsley  of  Beckenham — 
differed  from  the  N.P.L.  cells  by  about  O'l  millivolt,  or  1  part  in 
10,000.  Mr  Mather  also  submitted  a  number  of  cells,  and  these 
had  approximately  the  same  mean  E.M.F.  as  those  from  Mr  Tinsley. 
The  N.P.L.  cells  were  the  lower  in  voltage,  and  freshly  prepared 
cells  agree  with  old  ones*. 

In  May  1907  twelve  Weston  cadmium  cells  set  up  by  Dr  Wolff 
at  the  National  Bureau  of  Standards,  Washington,  were  compared 
with  a  number  of  the  cells  of  the  National  Physical  Laboratory, 
and  a  mean  difference  of  3  parts  in  1,000,000  was  measured. 
Dr  Wolffs  cells  were,  we  believe,  set  up  quite  independently  of 
the  N.P.L.  specification,  which  makes  this  remarkable  agreement 
all  the  more  gratifying. 

*  In  Mr  Mather's  cells  electrolytic  mercurous  sulphate  was  used ;  in  Mr  Tinsley's 
cells  the  mercurous  sulphate  was  prepared  by  the  chemical  precipitation  method. 


FOR   ELECTRICAL  MEASUREMENTS  703 


APPENDIX  II. 

Specification  for  the  Practical  Application   of  the  Definition  of 
the  International  Ampere. 

(From  the  National  Physical  Laboratory.} 

In  the  following  specification  the  term  silver  voltameter  (or 
coulometer)  means  the  arrangement  of  apparatus  by  means  of 
which  an  electric  current  is  passed  through  a  solution  of  silver 
nitrate  in  water.  The  silver  voltameter  measures  the  total 
electrical  quantity  which  has  passed  during  the  time  of  the  ex- 
periment, and  by  noting  this  time  the  time-average  of  the  current, 
or,  if  the  current  has  been  kept  constant,  the  current  itself,  can 
be  deduced. 

In  employing  the  silver  voltameter  to  measure  currents  of 
about  1  ampere  the  following  arrangements  should  be  adopted: 
The  cathode  on  which  the  silver  is  to  be  deposited  should  take 
the  form  of  a  platinum  bowl  about  10  centimetres  in  diameter 
and  7  centimetres  in  depth.  The  mass  of  the  bowl  is  conveniently 
about  80  grams. 

The  anode  should  be  a  plate  or  disc  of  pure  silver  coated  with 
a  deposit  of  electrolytic  silver,  the  mass  of  the  latter  being  about 
50  per  cent,  greater  than  the  mass  of  silver  to  be  deposited  on 
the  cathode.  The  plate  or  disc  of  silver  should  be  of  about  6  centi- 
metres edge  (or  diameter)  and  3  or  4  millimetres  in  thickness. 
Its  total  area  will  thus  approximate  to  60  square  centimetres. 
The  anode  should  be  supported  horizontally  in  the  liquid  near  the 
top  of  the  solution  by  a  silver  rod  riveted  through  its  centre. 
To  prevent  the  disintegrated  silver  which  is  formed  on  the  anode 
from  falling  upon  the  cathode  the  anode  should  be  inserted  into  a 
cup  of  filter-paper  separately  supported. 

The  liquid  should  consist  of  a  neutral  solution  of  pure  silver 
nitrate,  containing  about  fifteen  parts  by  weight  of  the  nitrate  to 
eighty-five  parts  of  water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the 
current  passes.  To  prevent  these  changes  having  too  great  an 
effect  on  the  current  some  resistance  besides  that  of  the  volta- 
meter should  be  inserted  in  the  circuit.  If  the  value  of  the 
current  is  desired  and  the  measurement  is  one  of  high  precision, 
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this  external  resistance  should  be  from  50  to  100  ohms ;  in  other 
cases  the  resistance  should  not  be  less  than  10  ohms. 


Method  of  making  a  Measurement. 

1.  The  Solution. — The  silver  nitrate  should  be  purchased  as 
pure  and  recrystallised  twice ;    the  recrystallisation  is  preferably 
done  by  evaporating  a  saturated  solution  in  a  flask  over  a  water- 
bath.    The  mother  liquor  should  be  drained  away  and  the  crystals 
dissolved  in  pure  freshly  distilled  water.    Prolonged  contact  of  the 
crystals  or  of  the  solution  with  impure  air  must  be  avoided.     The 
solution  should  be  neutral  to  sensitive  litmus-paper. 

If  the  silver  nitrate  is  recovered  from  much  used  or  con- 
taminated solutions,  or  from  an  acid  solution,  the  recovered  salt 
should  be  fused  (preferably  in  an  electric  oven)  and  afterwards 
dissolved,  and  the  solution  filtered  before  the  recrystallisation 
processes;  otherwise  it  may  be  necessary  to  recrystallise  more 
than  twice. 

During  electrolysis  in  the  voltameter  herein  specified  the 
silver  nitrate  solution  does  not  change  in  composition  as  a  result 
of  the  electrolysis  by  an  amount  which  is  detectable  by  any  tried 
means,  but,  owing  to  the  presence  of  impurities  in  the  atmosphere, 
the  solution  should  not  be  used  more  than  once  if  great  accuracy 
is  desired. 

2.  The  Anode. — The  anode  should  be  prepared  by  cleaning 
the  silver  plate  or  disc  with  sand-paper  or  a  scratch-brush.     It 
should  be  washed  with  distilled  water  and  supported  so  as  to 
form  the  cathode  of  a  silver  voltameter.     The  anode  of  this  latter 
should  be  a  silver  bowl  or  a  platinum  bowl  coated  with  silver, 
and  the  liquid  should  be  a  15  per  cent,  solution  of  silver  nitrate 
in  water ;  this  solution  need  not  be  specially  pure.     If  the  anode 
bowl  is  of  platinum  coated  with   silver  and  of  the  dimensions 
already  specified,  it  is   convenient  to   employ  about  350   cubic 
centimetres  of  the  solution  and  support  the  silver  plate  or  disc 
horizontally  in  the  liquid  near  the  top  of  the  solution.     A  con- 
venient current  for  depositing  silver  on  the  plate  is  0'3  ampere. 
The  plate  is  washed  with  distilled  water  and  dried  in  an  electric 
oven. 

The  cup  of  filter-paper  should  be  about  5  centimetres  deep  and 
of  a  diameter  a  little  greater  than  that  of  the  silver  plate.  It  is 
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made  by  folding  a  large  filter-paper  (such  as  Schleicher  and  Schull 
No.  595,  24  cm.  diameter)  over  a  glass  cylinder  (such  as  a  bottle) 
of  appropriate  diameter  and  securing  the  upper  portions  of  the 
folds  of  the  paper  with  sealing  wax  or  with  platinum  wire.  The 
cylinder  is  removed  and  that  portion  of  the  paper  which  is  above 
the  seals  is  cut  away.  The  upper  parts  of  the  internal  folds  are 
also  secured  with  sealing  wax  or  with  platinum  wire. 

3.  The  Kathode. — The  platinum  bowl  should  be  cleaned  with 
a  strong  solution  of  sodium  hydrate,  followed  by  washings  with 
water,  strong  nitric  acid,  and  distilled  water.     It  is  then  made  the 
anode  of  a  silver  voltameter,  the  liquid  being  a  15  per  cent. 
solution  of  silver  nitrate  (an  impure  solution  serves)  having  a 
volume  of  about  350  cubic  centimetres.     The  kathode  should  be 
a  clean  silver  plate  supported  near  the  top  of  the  solution.     With 
a  current  of  about  1  ampere  the  circuit  should  be  completed  for 
ten   minutes  at  least,  after  which  the  kathode  and  liquid  are 
removed  from  the  bowl.     The  bowl  is  washed  with  water  and 
afterwards    cleaned    with    strong    nitric    acid;    washings    with 
distilled  water,  strong  nitric  acid,  and  distilled  water  follow  in 
the  order  named,  and  the  bowl  is  dried  in  an  electric  oven  at 
about  a  temperature   of  160°C.     It  is  removed  to  a  desiccator 
and    when    thoroughly    cool    is    weighed.     A    bowl    of    similar 
size   and   of  approximately  the  same  mass  is  convenient   as   a 
counterpoise. 

4.  The  Circuit. — The  platinum  bowl  is  placed  in  position  in 
the  intended  circuit  and  300  cubic  centimetres  of  the  solution  of 
silver  nitrate  are  placed  in  it.     The  anode  is  placed  inside  the 
filter-paper   cup   and   the    latter  suspended   by  platinum  wires, 
which  are  insulated  from  the  anode  and  from  the  rest  of  the 
circuit.     The  anode  and  filter-paper  cup  are  supported  so  that  the 
silver  plate  or  disc  is  covered  by  the  solution ;  the  connections  to 
the  remainder  of  the  circuit  are  then  made.     Contact  is  made  at 
a  key  and  the  time  noted.     The  current  is  allowed  to  pass  for  an 
interval   depending   on   the   precision  desired,  and  the  time  of 
breaking  contact  must  be  observed.     For  measurements  of  high 
precision  from  7  to  10  grams  of  silver  should  be  deposited.    During 
the  passage  of  the  current  the  voltameter  should  be  covered  over, 
to  exclude  light. 

5.  Deposit  of  Silver. — The  solution  is  removed  from  the  bowl 
and  the  deposit  rinsed  with  about  100  cubic  centimetres  of  distilled 
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water.  The  washing  water  is  poured  into  a  clean  glass  crystallising- 
dish  and  the  operation  of  washing  is  repeated  three  times.  The 
bowl  is  then  nearly  filled  with  distilled  water  and  left  for  at  least 
three  hours;  it  is  rinsed  three  times,  the  last  of  these  washing 
waters  remaining  in  the  bowl  for  ten  minutes.  This  should  give 
no  milkiness  when  added  to  a  neutral  solution  of  sodium  chloride 
in  water.  The  bowl  is  dried  in  an  electric  oven  at  a  temperature 
of  about  160°  C. 

If  any  loose  silver  is  observed  in  the  solution  outside  of  the 
filter-paper  cup,  or  in  the  washing  waters,  these  liquids  must  be 
filtered,  the  filter-paper  dried,  and  the  loose  silver  added  to  the 
bowl  before  drying  the  deposit.  The  bowl  is  cooled  in  a  desiccator 
and  weighed  again.  The  gain  in  mass  gives  the  silver  deposited. 

6.  Calculation. — To  find  the  current  in  amperes  this  mass, 
expressed  in  grams,  must  be  divided  by  the  number  of  seconds 
during  which  the  current  has  been  passed  and  by  0*001118.  The 
result  will  be  the  time-average  of  the  current,  if  during  the  interval 
the  current  has  varied. 

In  determining  the  constant  of  an  instrument  by  this  method 
the  current  should  be  kept  as  uniform  as  possible,  and  the  readings 
of  the  instrument  observed  at  frequent  intervals  of  time.  These 
observations  give  a  curve  from  which  the  reading  corresponding  to 
the  mean  current  (time-average  of  the  current)  can  be  found. 
The  current,  as  calculated  from  the  voltameter  results,  corresponds 
with  this  reading. 

Notes  on  Observations. — If  this  specification  is  carefully  followed 
the  mass  of  silver  deposited  for  the  passage  of  one  coulomb  through 
the  voltameter  is  constant  within  the  limits  of  the  errors  of 
measurements  of  the  highest  precision.  It  is  certainly  constant 
to  1  part  in  100,000. 

The  specification  is  possibly  too  rigorous  for  many  practical 
needs,  and  for  such  a  simplification  is  possible.  The  solution  of 
silver  nitrate  may  be  prepared  from  purchased  silver  nitrate,  pro- 
vided it  is  free  from  acid.  The  anode  may  be  a  plate  of  pure  silver 
without  electrolytic  silver  deposited  thereon.  The  remainder  of 
the  specification  must  be  followed. 

Effect  of  Pressure. — The  observations  may  be  made  at  any 
ordinary  atmospheric  pressure,  or  exceptionally  low  pressures,  as 
the  mass  of  silver  deposited  when  the  silver  voltameter  is  under 
a  pressure  of  76  centimetres  of  mercury  is  the  same  as  when 
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under  any  lower  pressure  to  2  centimetres  of  mercury,  and  possibly 
without  these  limits. 

Effect  of  Temperature. — This  specification  is  based  on  observa- 
tions at  or  about  a  temperature  of  17°  C.  Observations  at  other 
temperatures  have  been  made  and  are  being  continued ;  if  there 
is  a  temperature  coefficient  to  the  silver  voltameter  it  is  ex- 
ceedingly small. 

This  specification  is  based  on  the  results  of  a  large  number  of 
measurements  made  at  the  National  Physical  Laboratory. 


APPENDIX  III. 

Preparation  of  the  Weston  (Cadmium)  Standard  Cell. 
(From  the  National  Physical  Laboratory.) 

Definition  of  the  Cell. — The  cell  has  mercury  for  its  positive 
electrode  and  an  amalgam  of  cadmium,  consisting  of  12£  parts 
by  weight  of  cadmium  to  87J  parts  of  mercury,  for  its  negative 
electrode.  The  electrolyte  consists  of  a  saturated  solution  of 
cadmium  sulphate,  and  solid  cadmium  sulphate  is  contained 
within  the  cell.  A  paste  consisting  of  solid  mercurous  sulphate, 
mercury,  and  cadmium  sulphate  rests  on  the  positive  electrode. 

Preparation  of  the  Materials. 

1.  Mercury. — Commercially  pure  mercury  should  be  squeezed 
through  wash-leather  and  passed  in  the  finely  divided  condition 
in  which  it  emerges  through  dilute  nitric  acid  (1  part  of  acid  to 
6  parts  of  water)  and  mercurous  nitrate  solution,  and  afterwards 
through  distilled  water.     These  liquids  are  conveniently  contained 
in  long  glass  tubes.     The  mercury  is  then  distilled  twice  in  vacuo. 
Mercury  suspected  of  any  abnormal  contamination  should  not  be 
employed. 

2.  Cadmium  Amalgam. — A  current  is  passed  from  a  thick 
rod  of  pure  commercial  cadmium  to  distilled  mercury,  the  inter- 
vening liquid  being  cadmium  sulphate  solution  rendered  slightly 
acid  with  a  few  drops  of  sulphuric  acid.     The  kathode  is  weighed 
before  electrolysis  commences,  and  again  afterwards;  the  percentage 
of  cadmium  in  the  amalgam  is  then  calculated.     More  than  the 
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requisite  amount  of  cadmium  should  be  deposited  and  the  per- 
centage reduced  to  12£  by  the  addition  of  mercury.  To  prevent 
the  anode  slime  having  access  to  the  kathode  the  anode  should  be 
contained  in  a  filter-paper  cup,  as  in  the  Rayleigh  form  of  silver 
voltameter.  Contact  with  the  kathode  is  made  by  a  platinum 
wire  sealed  into  a  glass  tube,  the  wire  being  thus  protected  from 
direct  contact  with  the  cadmium  sulphate  solution.  An  approxi- 
mate estimate  of  the  quantity  of  cadmium  deposited  is  obtained 
from  the  readings  of  an  ammeter  placed  in  the  circuit.  The 
amalgam,  with  very  dilute  sulphuric  acid  flooding  its  surface,  is 
melted  over  a  water-bath  and  stirred  to  ensure  homogeneity.  It 
is  then  ready  for  use. 

3.  Cadmium  Sulphate. — Procure  commercially  pure  cadmium 
sulphate,  CdS04 .  8/3  H20.     Powder  in  a  mortar  and  dissolve  in 
distilled  water  until  a  saturated  solution  results :  filter  the  solution 
through  a  fine-grained  filter-paper  until  it  is  quite  clear.     The 
liquid  should  then  be  placed  in  a  large  crystallising  dish  and 
slowly  evaporated  at  a  temperature  of  about  35°  C.,  when,  pro- 
vided   that    dust    is    excluded,    many    transparent    crystals    of 
CdS04 . 8/3  H20  will   result.     In   this  way   about  five-sixths  of 
the   solution   may   be   evaporated    (the   mother   liquor    may   be 
used  for  a  preliminary  washing  of  the  mercurous  sulphate,  the 
manufacture  of  which  is  described  hereafter).     The  recrystallised 
cadmium  sulphate  should  be  washed  with  successive  small  quan- 
tities of  distilled  water,  until  after  standing  for  ten  minutes  no 
trace  of  acidity  can  be  detected  in  it  with  sensitive  congo-red 
paper :  the  crystals,  still  moist,  are  transferred  to  a  stock  bottle. 
To  prepare  the  saturated  solution  the  crystals  are  crushed  in  a 
mortar  and  agitated   with-  distilled  water.     The  latter  may  be 
warmed  to  35°  C. 

4.  Mercurous  Sulphate. — Add  15  cubic  centimetres  of  pure 
strong  nitric  acid  to  100  grams  of  pure  mercury  contained  in  a 
crystallising  dish,  and  place  on  one  side  until  the  action  is  over,  or 
nearly  over.    Transfer  the  mercurous  nitrate  thus  formed,  together 
with  the  excess  of  mercury,  to  a  beaker  containing  about  200 
cubic  centimetres  of  dilute  nitric  acid  (1  of  acid  to  40  of  water 
by  volume) ;  a  clear  solution  should  result.     Prepare  about  1  litre 
of  dilute  sulphuric  acid  (1  of  acid  to  3  of  water  by  volume),  and 
while  the  mixture  is  hot  add  the  acid  mercurous  nitrate  solution 
to  it.     The  solution  should  be  added  as  a  very  fine  stream  from 
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the  narrow  orifice  of  a  pipette  and  the  mixture  violently  agitated 
during  the  mixing.  Mercurous  sulphate  is  precipitated  and 
rapidly  settles  to  the  bottom  of  the  vessel  when  the  stirring 
ceases.  Decant  the  hot  clear  liquid  and  wash  the  precipitate 
twice  by  decantation  with  dilute  sulphuric  acid  (1  of  acid  to  6  of 
water  by  volume).  The  precipitate  should  then  be  filtered.  (A 
small  Buchener  filter  funnel  and  a  filter  flask  is  very  convenient 
for  this  latter  operation.)  Wash  the  precipitate  three  times  with 
the  dilute  sulphuric  acid  (1  to  6),  and  afterwards  wash  six  or  seven 
times  with  saturated  cadmium  sulphate  solution  to  remove  the 
acid.  After  each  washing  the  liquid  should  be  removed  as  com- 
pletely as  possible  by  the  filter  pump.  When  these  operations 
are  complete,  the  mercurous  sulphate  is  flooded  with  saturated 
cadmium  sulphate  solution  and  left  for  one  hour ;  the  solution  is 
then  tested  with  congo-red  paper.  In  general  no  acid  will  be 
detected,  and  the  mercurous  sulphate  is  ready  for  use.  It  is 
placed  in  a  stock  bottle  together  with  some  saturated  cadmium 
sulphate  solution,  and  should  be  kept  in  the  dark.  If  acid  is 
detected,  the  washing  must  be  continued.  When  the  cells  are 
required  for  observations  of  the  highest  precision,  the  apparently 
neutral  mercurous  sulphate  should  not  be  immediately  used.  It  is 
placed  in  a  bottle  with  saturated  cadmium  sulphate  solution,  and 
at  the  end  of  one  week  the  latter  is  tested  for  acidity.  The 
sulphate  is  given  another  washing  with  the  solution,  and  may  then 
be  used  if  only  a  trace  of  acid  is  detected. 

One  of  the  following  methods  of  preparation  may,  if  desired, 
be  substituted  for  the  foregoing : — 

(1)  Electrolytic  Method. — This  preparation  is  conducted  in  a 
darkened  room.  Pure  distilled  mercury  forms  the  anode  and 
platinum  foil  the  kathode,  the  electrolyte  being  dilute  sulphuric 
acid  (1  volume  of  acid  to  5  volumes  of  water).  The  mercury  is 
placed  in  the  bottom  of  a  large  flat-based  beaker  and  about 
twenty  times  its  volume  of  the  dilute  acid  is  added.  Contact 
with  the  mercury  is  made  by  a  platinum  wire  passing  through  a 
glass  tube,  and  the  kathode  is  suspended  in  the  upper  portion  of 
the  liquid.  During  electrolysis  the  electrolyte  must  be  con- 
tinually stirred,  an  L-shaped  glass  stirrer  being  very  efficient,  the 
foot  of  the  L  moving  close  to  the  surface  of  the  mercury.  A  con- 
venient current  density  is  O'Ol  ampere  per  square  centimetre  of 
anode  surface.  The  mercurous  sulphate  so  prepared  is  filtered 
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and  the  greater  part  of  the  mercury  removed ;  it  is  then  washed 
with  dilute  sulphuric  acid  and  saturated  cadmium  sulphate  solution 
in  a  manner  already  described  for  the  previous  preparation. 

(2)  By  means  of  Fuming  Sulphuric  Acid. — Place  distilled 
mercury  in  a  crystallising  dish  so  as  just  to  cover  the  bottom. 
Add  sufficient  fuming  sulphuric  acid  to  flood  the  surface  of  the 
mercury  to  a  depth  of  about  2  millimetres.  Cover  with  a  clock 
glass  and  place  on  one  side  for  48  hours.  Mercurous  sulphate  is 
formed  and  appears  in  the  crystalline  form.  Carefully  add  the 
salt  to  hot  dilute  sulphuric  acid  (1  to  6)  and  well  agitate.  Decant 
the  hot  liquid.  If  any  caked  masses  of  the  sulphate  are  left, 
these  should  be  rejected  or  crushed  in  an  agate  mortar.  Wash 
three  times  by  decantation  with  hot  dilute  sulphuric  acid,  and 
afterwards  filter  and  wash  with  saturated  cadmium  sulphate  solu- 
tion in  the  manner  already  described.  Set  aside  with  cadmium 
sulphate  solution  for  one  week  at  least,  test  for  acidity,  and  wash 
as  described  for  the  first  preparation. 

The  Mercurous  Sulphate  Paste. — The  mercurous  sulphate  is 
mixed  with  about  one-fourth  its  volume  of  powdered  recrystallised 
cadmium  sulphate,  and  about  one-tenth  its  volume  of  pure  mercury. 
(When  the  electrolytic  sulphate  is  used,  or  that  prepared  with 
fuming  sulphuric  acid,  no  mercury  need  be  added.)  To  the 
mixture  of  mercurous  sulphate,  cadmium  sulphate,  and  mercury, 
sufficient  saturated  cadmium  sulphate  solution  is  added,  so  that 
when  well  mixed  the  whole  forms  a  thin  paste. 

Setting  up  the  Cell. — That  type  of  H-form  of  cell  which  may 
be  hermetically  sealed  is  the  most  convenient;  if  the  lower  end 
of  each  limb  is  slightly  constricted,  the  contents  of  the  cell  are 
less  liable  to  be  disturbed.  The  platinum  wires  inside  the  glass 
vessel  are  amalgamated  by  passing  an  electric  current  from  a 
platinum  wire  anode  through  an  acid  solution  of  mercurous  nitrate 
to  each  of  the  wires  in  turn  as  a  kathode.  The  vessel  is  washed 
out  twice  with  dilute  nitric  acid,  several  times  with  water,  and 
finally  with  distilled  water;  it  is  dried  in  an  oven.  A  small 
pipette  is  used  for  the  introduction  of  the  amalgam,  and  a  small 
thistle  funnel  for  the  insertion  of  the  paste  and  crystals.  The 
main  stock  of  amalgam  is  flooded  with  very  dilute  sulphuric  acid, 
and  it  is  melted  over  a  water-bath ;  a  little  of  it  is  introduced 
into  one  of  the  limbs  of  the  H -vessel.  After  the  amalgam  has 
solidified,  this  limb  must  be  washed  out  several  times  with  distilled 
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water,  care  being  taken  to  avoid  wetting  the  interior  of  the  other 
limb.  A  little  distilled  water  is  added  and  the  amalgam  is  melted 
by  immersing  the  limbs  of  the  H-vessel  in  hot  water.  Aftn  th. 
solidification  of  the  amalgam,  it  is  washed  once  more  with  distilled 
water.  Into  the  other  limb  sufficient  mercury  is  introduced  to 
cover  the  amalgamated  platinum  wire;  then  the  paste  is  added, 
care  being  taken  not  to  smear  the  sides  of  the  vessel.  Finally, 
powdered  crystals  of  cadmium  sulphate  are  introduced  into  each 
limb,  and  saturated  cadmium  sulphate  solution  is  added.  The 
cell  may  be  immediately  sealed  with  the  aid  of  a  blowpipe,  but 
the  contents  must  not  be  abnormally  heated  thereby.  The 
cadmium  amalgam  introduced  should  cover  the  amalgamated 
platinum  wire ;  the  depth  of  the  paste  should  be  from  0'5  cm.  to 
TO  cm.,  and  the  depth  of  the  layer  of  crystals  about  0*5  cm. 
Twenty-four  hours  after  the  cell  has  been  set  up  it  may  be  used. 
Its  electromotive  force  at  15°  C.  is  1'0185  volt.  The  electromotive 
force  at  any  other  temperature  may  be  obtained  from  the  formula 
given  by  the  Phys.  Techn.  Reichsanstalt,  viz., 

Et  =  En-  0-000038  (t  -  20)  -  0-00000065  (t  -  20)2, 

or  from  the  formula  obtained  at  the  National  Physical  Laboratory, 

Et  =  E17  -  0'0000345  (t  -  17)  -  0*00000066  (t  -  17-)2. 

This  specification  is  based  on  observations  made  at  the  National 
Physical  Laboratory. 
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I.  On  the  Secular  Changes  of  the  Standards  of  Resistance  at  the 

National  Physical  Laboratory.  By  F.  E.  SMITH,  A.R.C.Sc. 
(From  the  National  Physical  Laboratory]  .  .  .  .716 

II.  Specifications  for  the  Practical  Realisation  of  the  International 

Ohm  and  International  Ampere,  and  Instructions  for  the 
Preparation  of  the  Weston  Cadmium  Cell.  (From  the 
National  Physical  Laboratory] 738 

THE  Committee  desire  in  the  first  place  to  record  their  deep 
sense  of  the  loss  they  have  sustained  by  the  death  of  Lord  Kelvin. 
He  was  an  original  member  of  the  Committee  appointed  at 
Cambridge,  October  3,  1862,  and  he  continued  his  active  interest 
in  their  work  up  to  the  end.  His  name  will  always  be  associated 
with  the  establishment  of  the  absolute  system  of  electrical 
measurement  and  with  the  determination  of  the  absolute  units. 
The  Reports  of  the  Committee  from  1862  onwards  contain  a  large 
amount  of  valuable  information  in  a  form  which  is  not  generally 
very  accessible — the  reprint  of  the  earlier  reports,  issued  under 
the  editorship  of  Fleeming  Jenkin  in  1873,  is  out  of  print — and 
the  Committee  suggest  that  their  reports  from  1862  up  to  the 
present  time  might  be  reprinted  as  a  memorial  to  Lord  Kelvin. 
The  present  time  is  in  other  respects  specially  suitable  for  such  a 
reissue,  for  it  is  hoped  that  the  proposed  International  Congress, 
to  be  held  in  London  in  October,  will  settle  in  a  definite  manner 
the  few  matters  relating  to  the  fundamental  units  which  are  still 
outstanding,  and  will  organise  a  method  whereby  a  close  agree- 
ment may  be  maintained  among  the  electrical  standards  in  use 
throughout  the  world. 

The  electrical  measurements  of  certain  of  the  fundamental 
units,  which  have  been  in  progress  for  some  time  at  the  National 
Physical  Laboratory,  have  been  brought  to  a  conclusion,  and  the 
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results  published  in  three  papers  in  the  Philosophical  Transactions 
of  the  Royal  Society. 

1.  'A  New  Current  Weigher  and  a  Determination  of  the  Electromotive 
Force  of  the  Normal  Weston  Cadmium  Cell.'  By  Professor  W.  E.  Ayrton,  F.R.S., 
and  T.  Mather,  F.R.S.,  Central  Technical  College,  London ;  and  F.  E.  Smith, 
A.R.C.SC.,  National  Physical  Laboratory,  Teddington,  Phil.  Trans.  A,  VoL  207, 
pp.  463-549. 

2.  'On  the  Normal  Weston  Cadmium  Cell.'    By  F.  E.  Smith,  Phil. 
Tram.  A,  Vol.  207,  pp.  393-420. 

3.  'On    a    Comparison   of   many   forms   of   Silver   Voltameters.'    By 
F.  E.  Smith ;  and  *  A  Determination  of  the  Electrochemical  Equivalent  of 
Silver.'     By  F.  E.  Smith  and  T.  Mather,  F.R.S.,  Phil.  Trans.  A,  VoL  207, 
pp.  545-581. 

<  The  Chemistry  of  the  Silver  Voltameter.'  By  F.  E.  Smith  and  T.  M. 
Lowry,  D.Sc.,  Phil  Trans.  A,  Vol.  207,  pp.  581-599. 

From  the  first  of  these  it  appears  that  to  a  very  high  degree 
of  accuracy  the  electromotive  force  of  the  Weston  cadmium  cell, 
as  set  up  at  the  National  Physical  Laboratory,  when  expressed  in 
terms  of  the  ampere  (10"1  C.G.S.  units  of  current)  and  the  inter- 
national ohm  is  r01830  at  a  temperature  of  17°  C. 

The  second  Paper  deals  with  the  preparation  of  the  Weston 
cadmium  cell,  and  contains  a  comparison  between  cells  set  up  at 
the  Laboratory  and  others  constructed  elsewhere,  the  general 
conclusion  being  that  cells  can  be  prepared  by  different  persons 
in  different  countries  which  will  agree  in  E.M.F.  to  1  or  2  parts  in 
100,000. 

In  the  third  Paper  there  is  given  an  account  of  a  comparison 
of  some  six  forms  of  silver  voltameters,  and  it  is  shown  that  the 
silver  deposited  by  a  current  of  one  ampere  in  all  these  various 
forms  is  the  same  if  proper  precautions  are  taken,  and  amounts  to 

1*11827  milligrammes  per  second. 

After  this  work  was  completed  a  comparison  was  made  by 
Messrs  T.  Mather  and  F.  E.  Smith,  by  the  kindness  of  Mr  Trotter, 
between  the  ampere  standard  of  the  Board  of  Trade  and  the 
ampere  as  realised  by  the  new  Ayrton  Jones  balance  at  the 
National  Physical  Laboratory.  The  comparison,  an  account  of 
which  appears  in  the  Proceedings  of  the  Royal  Society,  A,  vol.  80, 
1908,  was  very  satisfactory. 

It  was  found  that  the  Board  of  Trade  ampere  will  deposit 
silver  at  the  rate  of  l*1179i  milligrammes  per  second,  a  value 
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which  is  nearly  identical  with  the  number  1*11794  given  by  Lord 
Rayleigh  and  Mrs  Sidgwick  in  1884.  Indirectly  the  E.M.F.  of  the 
normal  Weston  cadmium  cell  was  found  to  be  1*01 879  Board  of 
Trade  volt  at  17°  C.,  the  Board  of  Trade  volt  being  defined  as  the 
potential  difference  between  the  terminals  of  a  resistance  of 
1  Board  of  Trade  ohm  when  1  Board  of  Trade  ampere  is  passing 
through  it. 

During  the  year  the  ten  mercury  standards  at  the  National 
Physical  Laboratory  have  again  been  set  up  and  intercompared. 
An  account  of  this  work  appears  in  an  Appendix  by  Mr 
F.  E.  Smith,  the  value  of  the  international  ohm,  as  realised  by 
the  mean  of  the  ten  tubes,  being  taken  as  unit  The  following 
table  gives  the  values  of  the  individual  tubes  as  found  in  1903 
and  1907:— 


Mercury 
Standard 

Value  in  Mean  International  Ohms 

Difference 
value 
1907  -  1903 

1903 

1907 

M 

0-97  1705 

0-971699 

-o6 

P 

1-000387 

1-00042! 

+  34 

T 

1-000195 

1  -000206 

•Mi 

U 

0-973497 

0-973488 

-o9 

V 

1-001379 

1-00137J 

-o8 

X 

1-001068 

1-00106, 

-o6 

Y 

1  -000267 

1  -000265 

-o2 

Z 

1-001306 

1-001299 

-07 

G 

1-001052 

1-001044 

-08 

S 

1-000974 

1-000972 

-o2 

Except  in  the  case  of  Tube  P,  where  there  is  an  apparent 
change  of  3  to  4  parts  in  100,000,  the  differences  are  negligible. 

Mr  Smith  has  also  compared  with  the  mercury  tubes  a  large 
series  of  wire  standard  resistances,  including  those  made  by 
Matthiessen  and  Hockin  for  the  B.  A.  Committee  in  1865-67, 
and  various  other  old  standards  kindly  lent  to  the  Committee  by 
their  owners  for  the  purpose.  The  general  conclusion  is  that  all 
the  original  coils  except  D  and  E,  which  are  made  of  platinum, 
have  changed  appreciably  since  they  were  constructed,  though  since 
1888,  during  a  period  of  twenty  years,  for  which  the  coils  have 
been  very  carefully  watched,  the  changes  also  in  A,  B,  C,  H,  and 
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Flat  have  been  small.     F  and  G  have,  however,  in  the  same  period 
changed  considerably. 

Resistance  at  16'0°  C.  in  terms  of  the  original  B.A.U.  (1867). 


Coil 

Material 

1867 

1876 

1879-81 

1888 

1908 

Maximum 
Change 

A 

Pt.  Ir. 

1-00000 

1-00077 

1-00056 

1-00147 

1-00122 

0-00147 

B 

Pt.  Ir. 

1-00029 

1-00121 

1-00080 

1-00104 

1-00098 

0-00092 

C 

Au.  Ag. 

1-00050 

1-00141 

1-00101 

1-00146 

1-00173 

0-00123 

D 

Pt. 

1-00092 

1-00092 

1-00092 

1-00092 

1-00092 

o-ooooo 

E 

Pt. 

1-00152 

1-00152 

1-00152 

1-00152 

1-00152 

o-ooooo 

F 

Pt.  Ag. 

— 

— 

1-00016 

1  -00672 

1-00160 

0-00144 

G 

Pt.  Ag. 

1-00022 

1-00030 

0-99982 

1-00025 

1-00175 

000193 

H 

Pt.  Ag. 

1-00020 

— 

— 

1-00042 

1-00044 

0-00024 

Flat 

Pt.  Ag.        - 

— 

1-00079 

1-00120   1-00125 

OO0046 

The  mean  resistance  of  six  other  platinum-silver  coils,  first 
measured  in  1888,  appears  to  have  increased  since  that  time  by 
14  parts  in  100,000;  and  five  more  platinum-silver  coils,  first 
measured  in  1894-7,  have  now  a  greater  mean  value  by  8  parts 
in  100,000. 

It  would  appear  also  that  in  many  of  the  variable  coils  the 
changes  have  occurred  mainly,  if  not  entirely,  at  the  soft-soldered 
joints,  and  with  a  view  of  testing  this  the  Committee  have 
authorised  the  Secretary  to  open  and  examine  one  of  the  coils. 

A  comparison,  given  in  the  Appendix,  has  also  been  made  of  all 
the  manganin  resistances  in  the  possession  of  the  Standards  De- 
partment of  the  Laboratory.  The  behaviour  of  the  various  coils 
is  somewhat  different ;  while  some  have  been  very  constant,  others 
appear  to  have  changed  considerably. 

At  the  Conference  on  Electrical  Units,  held  at  the  Reichsan- 
stalt  in  1905,  it  was  suggested  that  the  Jena  glass  59'"  was,  from 
its  good  elastic  properties,  the  best  glass  to  employ  for  mercury 
resistances,  and  accordingly  efforts  have  been  made  to  get  some 
suitable  tubes.  Five  tubes  have  recently  been  secured,  after  great 
difficulty,  which  will  probably  do  for  standards,  but  the  difficulty 
of  drawing  them  is  a  serious  obstacle  to  their  use. 

A  number  of  tubes  of  French  glass,  '  verre  dur,'  are  also  on 
order. 

Progress  has  also  been  made  during  the  year  in  the  design  of 
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the  Lorenz  apparatus,  to  be  given  by  the  Drapers'  Company,  and 
the  manufacture  of  the  bed  and  the  heavy-metal  work  has  been 
entrusted  to  Messrs  Armstrong,  Whitworth  and  Co.,  who  have 
kindly  undertaken  it.  The  marble  cylinders  required  have  been 
delivered  at  the  National  Physical  Laboratory. 

Preparations  for  the  holding  of  an  International  Congress  on 
Electrical  Units  in  London  in  October  next  are  well  advanced. 

Specifications  dealing  with  the  international  ohm,  the  inter- 
national ampere,  and  the  Weston  cadmium  cell,  which  have  been 
prepared  at  the  National  Physical  Laboratory  after  consultation 
with  other  workers  to  serve  as  a  basis  of  discussion  at  the 
Congress,  are  given  in  the  Appendix  with  a  view  of  making 
them  known. 

The  grant  of  £50  made  to  the  Committee  at  Leicester  has  been 
spent  in  great  part  in  the  purchase  of  materials  for  the  Weston 
cells  and  the  silver  voltameter  research  and  in  obtaining  suitable 
tubes  for  use  for  standards  of  resistance. 

The  balance  now  in  hand  is  £1.  Os.  4d,  and  the  Committee 
recommend  that  they  be  allowed  to  retain  this  for  the  purpose  of 
continuing  the  experiments  now  in  progress. 

The  Committee  therefore  recommend  that  their  Reports  from 
1862  onwards  be  reprinted,  after  careful  editing,  as  a  memorial 
to  Lord  Kelvin,  and  that  they  be  reappointed,  with  a  grant  of 
£100  in  addition  to  the  above  unexpended  balance,  for  the  purpose 
of  undertaking  this  work  and  continuing  their  researches  on  the 
standards ;  that  Lord  Rayleigh  be  Chairman  and  Dr  R.  T.  Glaze- 
brook  Secretary. 

APPENDIX  I. 

On  the  Secular    Changes  of  the  Standards  of  Resistance  at  the 
National  Physical  Laboratory.     By  F.  E.  SMITH,  A.R.C.Sc. 

(Prom  the  National  Physical  Laboratory.} 

It  has  long  been  known  that  many  resistance  coils  of  platinum- 
silver,  of  manganin,  and  of  other  resistance  alloys  do  not  keep 
constant  in  resistance.  The  causes  of  the  changes  may  lie  in 
some  alteration  in  structure  of  the  alloy,  of  some  change  in  strain, 
of  surface  action,  of  faulty  joints,  or,  as  suggested  by  Dr  Rosa,  they 
may  lie  in  the  insulating  medium. 
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The  question  of  the  permanence  of  manganin  standards  has 
been  discussed  recently  by  Messrs  Rosa  and  Babcock*  and  by 
Drs  Jaeger  and  Lindeckf,  and  it  seemed  desirable  to  bring 
together  all  the  information  available  regarding  the  changes  which 
have  taken  place  in  the  coils  of  the  Association,  and  of  others  which 
have  from  time  to  time  been  compared  with  them. 

At  the  National  Physical  Laboratory  the  primary  standards 
of  resistance  are  of  mercury,  and  the  secondary  standards  are  of 
platinum,  platinum-iridium,  gold-silver,  platinum-silver,  and  of 
manganin.  It  will  be  shown  that  the  mercury  standards  have 
kept  constant,  that  the  platinum  coils  have  probably  kept  constant, 
that  the  platinum-iridium,  gold-silver,  and  a  few  of  the  platinum- 
silver  coils  have  changed  considerably,  while  other  platinum-silver 
coils  have  kept  very  nearly  constant.  Of  the  manganin  coils  a 
few  have  kept  very  nearly  constant,  but  most  of  them  have  in- 
creased in  resistance. 

The  platinum,  platinum-iridium,  and  some  of  the  gold-silver 
and  platinum-silver  coils  are  the  property  of  the  Association,  and 
many  of  them  were  first  compared  by  Matthiessen  and  Hockin  in 
1865-7.  Most  of  the  manganin  standards  were  constructed  by 
0.  Wolff,  Berlin,  but  four  were  built  by  Mr  Melsom  at  the  National 
Physical  Laboratory.  These  standards  vary  in  nominal  value  from 
one- thousandth  of  an  ohm  to  10,000  ohms. 

The  method  of  comparing  resistances  has  been  dealt  with  in  a 
previous  Report  J,  and  for  the  purposes  of  this  communication  it 
will  be  sufficient  to  state  that,  on  all  occasions  when  mercury 
standards  were  erected,  the  resistance  coils  were  measured  in 
terms  of  the  mean  unit  represented  by  the  mercury  columns,  with 
a  probable  error  of  about  5  parts  in  1,000,000.  In  the  intervals 
between  the  comparisons  with  mercury  standards  the  values  of 
the  coils  in  international  ohms  were  at  times  uncertain  within 
1  to  2  parts  in  100,000,  but  the  relative  values  of  the  unit  coils  of 
manganin  with  potential  leads  could  at  all  times  be  determined 
with  an  error  not  greater  than  about  2  parts  in  10,000,000,  and  the 
one- thousandth  ohm  and  10,000  ohms  manganin  standards  could 
in  general  be  measured  in  terms  of  the  unit  coils  within  about 
5  parts  in  1,000,000.  In  the  intervals  between  the  erections  of 
the  mercury  tubes  a  very  careful  survey  of  the  history  of  the  coils 

*  The  Electrician,  June  14,  1907,  and  November  15,  1907. 

t  Ibid,,  August  2,  1907.  J  B.A.  Report,  Section  A,  1906. 
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was  often  necessary  to  determine  the  most  probable  changes  in  the 
coils,  and  a  slight  readjustment  of  the  values  allotted  to  the  coils 
was  sometimes  made  when  the  mercury  standards  were  next 
employed.  The  probable  error  of  the  resistance  values  assigned 
to  the  manganin  standards  on  any  date  is  almost  certainly  less 
than  1  part  in  100,000. 

Mercury  Standards  of  Resistance. 

The  mercury  standards  of  resistance  are  10  in  number,  and 
were  constructed  in  1902-3.  The  mean  international  ohm  as 
realised  by  the  ten  standards  is  taken  as  the  unit,  and  each  tube 
is  measured  in  terms  of  it.  In  practice  two  manganin  coils  act  as 
intermediaries.  The  measured  values  in  1903  and  1907  are  given 
in  the  following  table : — 

TABLE  I. 
Giving  the  Values  of  the  Mercury  Standards  in  1903  and  1907. 


Value  in  Mean  International  Ohms 

Mercury 

Difference 

Standard 

1907  -  1903 

1903 

1907 

Jf 

0-971706 

0-97  1699 

-o6 

P 

1  -000387 

1  -00042! 

+  34 

T 

1  -000195 

1-000206 

+  li 

U 

0-973497 

0-973488 

-o9 

V 

1-001379 

l-00137i 

-o8 

X 

1-001068 

1  -001062 

-Qo 

Y 

1-000267 

1-000265 

-02 

Z 

1-001306 

1-001299 

-07 

G 

1-001052 

1-001044 

-o8 

S 

1-000974 

1-000972 

-o2 

With  the  exception  of  P  the  relative  values  of  the  standards 
have  kept  remarkably  constant,  and  in  the  case  of  P  the  increase 
in  resistance  may  be  apparent  only,  for  only  in  1907  has  an 
increase  been  noted.  It  is  thought  that  a  very  thin  film  of  grease 
may  be  coating  a  portion  of  the  inner  wall  of  the  tube.  As  the 
tubes  M,  G,  and  S  are  of  French  verre  dur,  and  the  remainder  of 
Jena  16"'  glass,  there  is  justification  for  assuming  the  constancy 
of  the  standards.  It  is  of  interest  to  state  that  the  relative  values 
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of  the  French  mercury  standards  in  1885  and  1905,  and  of  the 
mercury  standards  of  the  Reichsanstalt  in  1893  and  1904,  are  also 
in  very  good  agreement. 

Wire  Standards  of  Platinum,  Platinum- Iridium,  Gold-Silver, 
and  Platinum- Silver. 

The  original  coils  of  the  Association  are  six  in  number:  two 
are  of  platinum,  two  of  platinum-iridium,  one  of  gold-silver,  and 
one  of  platinum-silver.  They  were  compared  together  by  Messrs 
Matthiessen  and  Hockin  in  1865-67,  by  Messrs  Chrystal  and 
Saunder  in  1876,  by  Dr  Fleming  in  1879-81,  by  Dr  Glazebrook 
and  Mr  Fitzpatrick  in  1887-88,  and  by  the  author  in  1908.  In 
addition  to  these  six  coils,  Messrs  Chrystal  and  Saunder  examined 
a  platinum-silver  coil  marked  No.  29  F,  and  also  a  coil  known  as 
Flat,  while  measurements  of  another  platinum-silver  coil  H  are 
given  in  the  Report  for  1888.  These  coils — in  all,  nine — have 
remained  in  charge  of  the  Secretary. 

In  a  report  to  the  Association  in  1888  Dr  Glazebrook  discussed 
the  probable  changes  which  had  taken  place  in  the  coils  since 
1867,  and  changes  in  the  platinum-silver  coils  only  are  discussed 
in  the  Reports  for  1892  and  1903.  In  1865-67  the  probable 
error  of  the  comparisons  appears  to  have  been  of  that  order  which 
would  be  introduced  by  an  error  in  the  temperature  of  the  coils 
of  about  0*1°  C.  In  1888  and  1903  the  error  of  the  comparisons 
corresponds  with  an  error  in  the  temperature  of  the  coils  of  a 
little  less  than  0*1°  C.,  and  in  1908  the  error  has  been  reduced  so 
as  to  correspond  with  about  0'02°  C.  All  of  the  coils  are  sur- 
rounded by  paraffin  wax,  and  it  is  only  by  maintaining  a  constant 
temperature  for  many  hours  that  very  accurate  observations  can  be 
made.  The  scale  of  temperature  employed  for  the  1908  measure- 
ments is  the  hydrogen  scale ;  that  used  for  previous  observations 
is  almost  certainly  the  Kew  glass  scale.  Dr  J.  A.  Barker  has 
recently  shown*  that  the  difference  between  these  two  scales  is 
negligibly  small ;  hence  we  may  assume  that  the  same  scale  of 
temperature  has  been  used  throughout. 

The  present  method  of  comparing  the  coils  is  by  substitution 
in  one  arm  of  a  Wheatstone  shunt  bridge,  of  which  the  other  three 
arms  consist  of  manganin  resistances.  The  high-temperature 

*  Proc.  E.  S.  A,  Vol.  78. 
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coefficient  coils  are  kept  in  a  room  remaining  constant  in  tem- 
perature to  0*01°  C.  over  several  days,  and  the  temperature  does 
not  differ  from  16*0°  C.  by  more  than  0'5°  C.  About  16  measure- 
ments, spread  over  several  days,  are  made  of  each  coil,  and  the 
value  at  16'0°  C.  is  deduced  from  these  measurements.  During 
1908  approximate  values  for  the  temperature  coefficients  of 
resistance  of  the  coils  have  been  obtained  by  varying  the  tem- 
perature from  14°  to  17°  C.  These  values  are  given  in  Tables  III 
and  IX. 

In  1867  the  temperatures  are  given  at  which  the  coils  were 
1  B.  A.  unit,  and  this  procedure  was  in  part  followed  in  1876, 
1879,  and  1888.  The  unit  of  1867  was,  however,  probably 
different  to  those  of  1876,  1879,  and  1888.  Messrs  Chrystal  and 
Saunder  (1876)  assumed  one  of  the  coils  (B)  to  have  remained 
constant  between  1867  and  1876,  and  expressed  the  values  of  the 
other  coils  in  terms  of  it.  The  unit,  in  terms  of  which  the 
measurements  of  1879-81  were  made,  is  the  mean  B.A.  unit  as 
indicated  by  Fleming  on  his  chart;  it  is  supposed  to  represent 
the  mean  of  the  resistances  of  the  six  coils  A,  B,  C,  D,  E,  G  at 
the  temperatures  at  which  they  were  originally  correct.  It  is  this 
unit  which  was  used  by  Lord  Rayleigh  in  his  work  on  the  ohm, 
and  by  Dr  Glazebrook  since  about  1880,  and  it  has  been  closely 
adhered  to  in  all  measurements  made  by  the  Committee  since 
that  date. 

A  close  examination  of  the  chart  at  the  present  day  shows 
that  the  mean  of  the  values  of  the  six  coils  is  really  about  0*99985 
unit;  hence  if  this  interpretation  be  accepted,  the  mean  B.A. 
unit  is  really  15  parts  in  100,000  less  than  the  unit  which  has 
been  taken  since  1880;  but  it  has  not  been  thought  wise  to 
attempt  any  correction  on  this  score,  except  in  the  compilation  of 
Table  III.  At  times  a  sudden  change  in  a  coil  has  been  recorded, 
as  in  1888,  when  Dr  Glazebrook  reported  that  F  had  suddenly 
risen  in  value  by  0'00048  B.A.  unit*,  and  that  Flat  had  fallen  by 
1  part  in  10,000  f.  Similar  changes  may  have  been  observed 
when  the  coils  were  comparatively  new,  and  it  is  possible  that  a 
slightly  variable  coil  was  disregarded,  or  a  correction  applied 
because  of  it,  when  the  chart  summarising  the  observations  for 
1879-81  was  constructed. 

*  B.A.  Report,  1888.  t  Phil.  Trans.  A,  1888,  p.  364. 


FOR   ELECTRICAL   MEASUREMENTS 

The  chart  gives  the  values  of  the  coils  from  0°  C.  to  25°  C.,  and 
the  graphs  are  such  that  the  value  of  a  coil  can  be  read  with  an 
error  not  greater  than  3  parts  in  100,000,  which  is  equivalent  to  a 
change  in  temperature  of  0'1°C.  of  a  platinum-silver  coil.  Th. 
resistances  of  the  coils  at  various  temperatures  as  given  by  the 
chart  are  given  in  Table  II. 


TABLE  II. 

Giving  the  values  of  the  coils  in  1879-81,  from  Flemings  Chart. 


Coil 

Temperature  at 
which  coil  was 
stated  to  be 
correct  in  1867 

Value  of  coil,  from 
Fleming's  chart,  at 
temperature  given 
in  1867 

Value  of  coil,  from 
Fleming's  chart, 
at  160°  C. 

A 

16-0°  C. 

1-00011 

1-00011 

B 

15-8°  „ 

1-00006 

1-00035 

C 

15-3°  „ 

1-00007 

1-00056 

/) 

157°  „ 

0-99960 

1-00052 

E 

157°  „ 

1-00010 

1-00102 

F 



0-99971 

G 

15-2°  „ 

0-99916 

0-99937 

Flat 

— 

1-00034  • 

If  we  tentatively  adopt  as  the  B.  A.  unit  at  any  date  the 
exact  mean  of  the  resistances  of  the  coils  A,  B,  C,  D,  E,  G  at  the 
temperatures  at  which  they  were  originally  said  to  be  equal,  the 
values  of  the  coils  at  16'0°C.  in  1867,  1876,  1879-81,  1888,  and 
1908  are  as  given  in  Table  III.  This  table  has  been  very  easy  to 
compile,  because  only  the  differences  between  the  resistances  of 
the  coils  at  the  various  dates,  and  their  temperature  coefficients, 
were  required. 

In  all  the  tables  of  this  Appendix  the  values  of  high -tem- 
perature coefficient  coils  are  given  within  1  part  in  100,000 ;  but 
as  the  errors  of  observation  must  often  have  exceeded  the  change 
in  resistance  corresponding  with  a  change  in  temperature  of  a 
coil  of  0'5°  to  0'1°  C.,  too  much  significance  must  not  be  attached 
to  an  apparent  change  in  resistance,  corresponding  with  a  difference 
in  temperature  of  a  coil  of  a  tenth  of  a  degree. 


B.  A. 
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TABLE  III. 

In  this  Table  it  is  assumed  that  the  B.A.U.  is  equal  to  the  mean  of 
the  coils  A,  B,  C,  D,  E,  G  at  the  temperatures  at  which  they 
were  found  by  Hockin  in  1867  to  be  correct,  and  that  this 
mean  has  not  altered. 

Values  at  16*0°  C. 


. 

Approx. 

Tempera- 

Coil 

Mat-  rial 

ture  Co-        1867 

1876 

1879-81 

1888 

1892 

1903          1908 

efficient 

(1908) 

A 

Pt.  Ir. 

0-00148 

i-ooooo 

1-00021 

1-00026 

1-00083 

—         1-00034 

B 

Pt.  Ir. 

0-00148 

1-00029 

1-00065 

1-00050 

1-00040 



—       1-00010 

C 

Ati.  Ag. 

0-00070 

1-00050 

100085 

1-00071      1-00082 

_ 

—          1-00085 

D 

Pt, 

0-00312 

1-00092 

1-00036 

1-00067 

1-00028 





1-00004 

E 

Pt. 

0-00314 

1-00091* 

1-00099 

1-00117 

1-00088 



— 

1-00064 

F 

Pt.  Ag. 

000027 

— 

— 

0*99986 

1  "00008 

1-00051 

1-00083 

1-00072 

G 

Pt,  Ag. 

0-00028 

1-00022 

0*99074 

0-99952 

0-99961      0-995*25 

0*99975 

1-00087 

H 

Pt.  Ag. 

0-00028 

1-00020 

0-99978      0*99943 

0-99976 

0*99956 

Flat      Pt.  Ag. 

0-00027 

— 

1-00049 

1-00056  .  1-00033 

1-00050 

1-00037 

Mean  of  A,B,  C,  D,E,  G=    1  '00047 

1-00047  ;  1-00047 

1-00047 





1-00047 

' 

1 

*  For  a  note  as  to  this  value  see  p.  723. 

It  is  clear  that  changes  of  very  considerable  magnitude  have 
taken  place,  and  the  task  before  us  is  to  select  the  most  constant 
and  the  most  variable  coils.  In  all  such  cases  a  table  of  difference 
values  is  most  helpful.  Table  IV.  gives  such  values  for  the  six 
coils  A,  B}  C,  D,  E,  G  in  1  x  10~5  B.  A.  units  at  16'0°  C. 

We  conclude  from  the  differences  given  in  column  7  and  the 
temperatures  given  in  the  last  column  of  Table  IV.  that  B  and  E 
have  possibly  remained  constant  during  the  period  1867-1908  and 
that  C  and  D  are  next  in  order  of  constancy.  The  coils  D  and  E 
have  remained  relatively  constant  since  1876. 

Dr  Glazebrook  in  1888  measured  the  B.  A.  unit  in  terms  of 
the  specific  resistance  of  mercury,  and  found  that  the  value  of  the 
resistance  of  a  column  of  mercury,  1  metre  long,  1  sq.  mm.  in 
section,  at  0°  C.  was 

0-95352  B.  A.  unit. 

For  the  purposes  of  the  comparison,  Dr  Glazebrook  used  the  two 
coils  F  and  6r,  and  their  values  are  given  by  him  as 

F=  0-99807  B.  A.  units  at  10°  C. 
£  =  0-99778  10°  C. 
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These  values  were  taken  from  Fleming's  chart,  and  when  corrected 
to  16°  C.  they  are  practically  identical  with  those  recorded  in 
Table  II.,  as  they  should  be.  Flat  was  also  used  (0'99857  B.  A. 
units  at  10°  C.),  but  observations  during  the  two  years  preceding 
1888  showed  that  it  was  relatively  lower  than  when  examined  by 
Dr  Fleming,  and  its  value  was  not,  therefore,  taken  from  the  chart. 

TABLE  IV. 
Difference  Values  in  1  x  10~5  B.A.U. 


The  Difference 

in  Column  7 

is  equivalent 

Maximum 

to  an  Uncer- 

Difference 

tainty  of 

Coils 

1867 

1876 

1879-81 

1888 

1908 

between 

Temperature 

Difference  i       of  the  Coil 

Values 

with  the 

Largest  Tem- 

perature Co- 

efficient of 

A-B 

-29 

-44 

-24 

43 

24 

87 

0-6°  C. 

A—C 

-50 

-64 

-45 

1 

-51 

65 

0-4°  „ 

A—D 

-92 

-15 

-41 

55 

30 

147 

0:5°.,, 

A—E 

-91 

-78 

-91 

-   5 

-30 

86 

0-3°  „ 

A—G 

-22 

47 

74 

122 

-53 

175 

1-2°  „ 

B—C 

-21 

-20 

-21 

-42 

-75 

55 

0'4°  „ 

B—D 

-63 

29 

-17 

12 

6 

92 

0-3°  „ 

B—E 

-62 

-34 

-67 

-48 

-54 

33 

0-1  1°C. 

B—G 

i 

91 

98 

79 

-77 

175 

1-2°C. 

C-D 

-42 

49 

4 

54 

81 

123 

0-4°  „ 

C-E 

-41 

-14 

-46 

-   6 

21 

67 

0-2°  „ 

C—G 

28 

111 

119 

121 

-   2 

123 

1-8°  „ 

D—E 

1* 

-63 

-50 

-60 

-60 

64 

0-2°  „ 

D—G 

70 

62 

115 

67 

-83 

198 

0-6°  „ 

E—G 

69 

125 

165 

127 

-23 

188 

0-6°  „ 

*  Hockin  (1867  Keport)  gives  the  temperatures  at  which  D  and  E  were  correct 
in  1865,  1866,  and  1867.  From  the  values  given  by  him  it  appears  that  the 
difference  D—E  was  -  59  x  10~5  B.A.U.  at  16-0°  C.  in  1865,  -59xlO~5  in  1866, 
and  1  in  1867.  These  differences,  taken  in  conjunction  with  those  given  in  the 
above  table,  make  it  practically  certain  that  the  difference  given  for  1867  is 
incorrect,  and  should  be  replaced  by  a  difference  of  the  order  -60. 

In  1908  the  individual  coils  were  compared  with  the  new 
mercury  standards  set  up  at  the  N.P.L.  and  their  values  found  in 
terms  of  mercury.  If  we  assume  that  the  mean  value  of  the 
coils  A,  B,  C,  D,  E,  G,  is  the  same  as  when  Fleming's  chart  was 
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constructed,  we  obtain  as  the  resistance  of  1  metre  of  mercury, 
1  sq.  mm.  in  section,  at  0°  C.,  the  value 
0-95333  B.  A.  units, 

an  alteration  of  20  parts  in  100,000  since  1888. 

If.  on  the  other  hand,  we  suppose  that  the  mercury  units  set 
up  in  1908  agree  exactly  with  those  constructed  in  1888,  then  the 
mean  value  of  the  six  coils  in  question  has  altered  by  0*00020 
B.  A.  units.  At  the  present  date,  assuming  as  found  in  1888,  the 
resistance  of  1  metre  of  mercury,  1  sq.  mm.  in  section,  at  0°  C.  to 
be  0-95352  B.  A.  units,  the  individual  coils  have  the  values  given 
in  Table  V.,  column  3. 

TABLE  V. 

Values  of  Coils  at  16'0°C.  in  1888  and  1908  obtained  from  com- 
parison with  Mercury  Tubes,  assuming  the  Resistance  of 
1  Metre  of  Mercury  to  be  0-95352  B.A.U. 


Value  in  1888  at  Time 

Coil 

of  Determination  of 
Specific  Resistance 

Value  in  1908 

of  Mercury  * 

A 

1-00068 

1-00042 

B 

1-00025 

1-00018 

C 

1-00067 

1-00093 

D 

1-00013 

1-00012 

E 

1-00073 

1-00072 

F 

0-99970 

1-00080 

G 

0-99936 

1-00095 

H 

0-99963 

0-99964 

Flat 

1-00023 

1-00045 

*  In  Dr  Glazebrook's  experiments  the  terminals  of  the  mercury  standards  were 
not  exactly  at  0°  C.,  and  an  error  of  about  4  parts  in  100,000  was  probably  intro- 
duced because  of  this.  No  correction  on  this  score  has,  however,  been  applied,  as 
the  magnitude  of  the  error  is  only  of  the  same  order  as  the  probable  error  of  the 
observations. 

The  apparent  changes  in  resistance  of  the  coils,  together  with 
the  alterations  in  temperature  of  the  coils  necessary  to  produce 
equal  changes  in  the  resistance,  are  given  in  Table  VI. 

From  Tables  V.  and  VI.  it  appears  to  be  practically  certain 
that  the  coils  B,  D,  E,  and  H  have  the  same  resistance  in  1908  as 
they  had  in  1888.  The  agreement  of  the  values  for  D  and  E  is 
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very  remarkable,  for  the  temperatures  at  which  these  coils  were 
believed  to  be  correct  in  1888  are  stated  to  the  nearest  tenth  of  a 
degree  only;  an  apparent  change  in  resistance  of  15  parts  in 
100,000  would,  therefore,  have  been  negligible.  With  respect  to 
G,  it  has  risen  by  over  1  part  in  1,000  during  the  past  5  years 
and  Flat  changed  by  17  parts  in  100,000  in  1902*.  The  fluctua- 
tions in  the  value  of  H  are  believed  to  have  amounted  to  about 
1  part  in  10,000  during  the  period  1888-1908  f. 

TABLE  VI. 


Coil 

Resistance  of  Coil  in  1908 
minus 

Change  equivalent  to 
Difference  of 

Resistance  of  Coil  in  1888 

Temperature  of 

A 

-  26xlO-5B.A.U. 

0-18°  C. 

B 

-     7 

0-05° 

C 

+   26 

0-37° 

D 

_     j 

0-00° 

E 

-     1 

0-00° 

F 

+  110 

4-0° 

G 

+  159 

5-7° 

H 

+     1 

0-03° 

Flat 

+   22 

0-81° 

Of  the  four  coils  B,  D,  E,  H,  apparently  constant  for  the 
period  1888-1908,  we  have  already  concluded  from  the  differences 
given  in  Table  IV.  that  B,  D,  and  E  have  remained  approxi- 
mately constant  since  1867.  One  of  the  coils  D — E,  appears,  from 
Table  IV.,  to  have  changed  in  the  interval  1867-1876,  and  the 
apparent  change  corresponds  with  the  change  resulting  when  one 
of  the  coils  is  lowered  0*2°  C.  in  temperature.  It  is,  however, 
practically  certain  that  the  change  is  only  apparent.  The  tem- 
peratures at  which  the  platinum  coils  were  stated  to  be  correct  in 
1865,  1866,  and  1867  are  given  by  Mr  Hockin  in  the  Report  for 
1867.  They  are  as  follows  : 

1  B.A.U.  at  15-7°  C. 


Coil  No.  35  (D)... 


Coil  No.  36 


15-7°  C. 
157°  C. 
15-5°  C. 
15-5°  C. 
15-7°  C. 


B  A.  Report,  1903 


January  7,  1865 
August  18,  1866 
February  10,  1867 
January  7,  1865 
August  18,  1866 
February  10,  1867 

t  Ibid. 
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In  the  Report  for  1888  the  temperature  coefficient  of  D  is 
given  as  0'00308  B.  A.  unit,  and  of  E  as  0'00302  B.  A.  unit.  These 
values  agree  closely  with  those  given  in  Table  III.,  and  they  have 
been  used  in  the  compilation  of  the  following  complete  list  of  the 
difference  values  (D — E)  which  now  deserves  attention : 

D—E=  -  59  x  10~5  B.A.U.  at  16O°  C.     Year  1865 


59 
1 

63 
50 
60 
60 


1866 
1867 
1876 
1879-81 

1888 
1908 


The  conclusion  is  obvious.  The  original  difference  between 
the  coils  was  approximately  60  x  10~5  B.  A.  unit  and  has  remained 
constant  ever  since.  There  is  little  doubt  that  the  difference 
recorded  for  1867  is  incorrect ;  it  may  easily  happen  that  there  is 
a  difference  of  0'2°  C.  between  the  apparent  and  true  temperatures 
of  a  coil  embedded  in  paraffin  wax,  and  such  a  difference  would 
completely  explain  the  1867  result. 

This  conclusion  necessitates  a  revision  of  the  difference  values 
in  Table  IV.  The  corrections  are  easily  made,  for  the  differences 
A — E,  B — E,  C — E  and  E — G  should  be  respectively  equal  to 
the  differences  A — D,  B — D,  etc. 

We  believe  that  the  two  platinum  coils  have  remained  constant 
in  resistance  since  1867,  and  that  the  values  in  1867,  1879-81, 
1888,  and  1908  of  these  and  other  coils  in  terms  of  the  original 
B.  A.  unit  (1867)  are  as  follows: 

TABLE  VII. 

Resistances  at  16*0°  C.  in  terms  of  the  original  B.A.U.  (1867). 
(Values  obtained  through  the  two  Platinum  Coils  D,  E.) 


Coil 

Material 

1867 

1876 

1879-81 

1838 

1908 

Maximum 
Difference 

A 

Pt.  Ir. 

I'OOOOO 

1-00077 

1-00056 

1-00147 

1-00122 

147X-105  B.A.U. 

B 

Pt.  Ir. 

1-00029 

1-00121 

1'OOOS) 

1-00104 

1-00098 

92 

C 

Au.  Ag. 

1-00050 

1-00141 

rooioi 

1-00146 

1-00173 

1-23 

D 

Pt. 

1-00092 

1-00092 

1*00092 

1-00092 

1-00092 

0 

E 

Pt. 

1-00152 

1-00152 

1-00152 

1-00152 

1-00152 

0 

F 

Pt.  Ag. 



1-00016 

1-00072 

1-00160 

144 

G 

Pt.  Ag. 

1-00022 

1-00030 

0-99982 

1-001)25 

1-00175 

193 

H 

Pt.  Ag. 

1-00020 

1-00042 

1-00044 

24 

Flat 

Pt.  Ag. 

— 

— 

1-00079 

i'00120 

1-00125 

46 
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From  Tables  IV.  and  VII.  it  is  clear  that  the  maximum 
number  of  coils  which  can  have  kept  constant  is  two,  and  if  the 
platinum  coils  have  not  remained  constant  then  one  only  of  the 
other  coils  can  have  done  so.  Since  D  and  E  are  of  pure 
platinum,  and  not  of  an  alloy,  it  is  probable  that  these  would 
change  least. 

If  our  conclusions  are  correct,  the  results  are  not  only  of  some 
value  as  showing  the  changes  which  may  take  place  in  the 
resistance  of  certain  alloys  when  embedded  in  paraffin  wax,  but 
they  are  also  of  value  because  the  coils  link  together  so  many 
determinations  of  the  ohm  in  absolute  measure  and  of  the  specific 
resistance  of  mercury.  It  is  not  convenient  to  collect  the  various 
determinations  here,  but  as  an  instance  of  the  uses  to  which  the 
data  given  in  this  Appendix  might  be  put  we  take  Lord  Rayleigh's 
and  Mrs  Sidgwick's  determination  in  1881*  of  the  specific 
resistance  of  mercury.  It  was  found  that  0*95412  B.  A.  unit  was 
equal  in  resistance  to  a  column  of  mercury  100  cm.  long,  1  sq.  mm. 
in  section,  at  0°  C.  Now  in  Lord  Rayleigh's  experiments  the 
terminals  of  the  mercury  standards  were  not  at  0°  C.,  but  at  5°  or 
6°C.,  and  it  was  shown  by  Dr  Glazebrookf  in  1888  that  an  error 
of  about  0*00024  was  almost  certainly  introduced  because  of  this. 
If  we  apply  a  correction  of  this  amount,  Lord  Rayleigh's  value 
becomes  0*95388  B.  A.  unit  as  the  resistance  of  100  cm.  of  mercury 
at  0°  C.  The  coils  F  and  Flat  were  used  in  the  1881  determina- 
tion, and  the  values  of  these  coils  were  taken  from  Fleming's 
chart.  They  were  therefore  : 

^=0-99971  B.A.U.  at  16-0°  C.     (From  Table  II.) 
Flat  =  1-00034  B.A.U.  at  16'0°  C.     (From  Table  II.) 

From  Lord  Rayleigh's  observations,  therefore, 

F  at  16*0°  C.  =  0-9997 1/0-95388  =  104-805  cm.  mercury;  and 
Flat  at  16*0°  C.  =  1-00034/0-95388  =  104 -871  cm.  mercury. 

At  the  present  time  (1908) 

F  at  16O°  C.  =  104-959  cm.  mercury;  and 
Flat  at  16-0°  C.  =  104*922  cm.  mercury. 

Using  the  1908  values  and  the  changes  in  F  and  Flat,  recorded  in 
Table  VII.,  we  conclude  that  in  1881 

F  at  16*0°  C.  was  equivalent  to  104-808  cm.  mercury ;  and 

Flat  at  16-0°  C.  was  equivalent  to  104-874  cm.  mercury. 

*  Phil.  Trans.  Vol.  174,  p.  173.  t  Ibid.  A,  1888,  pp.  375-6. 
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The  difference  from  the  values  given  by  Lord  Rayleigh  is  3  parts 
in  100,000,  which  is  less  than  the  probable  error  of  the  observations. 
We  conclude,  therefore,  that  the  determination  of  Lord  Rayleigh  and 
Mrs  Sidgwick  in  1881  is  in  excellent  agreement  with  that  made  at 
the  National  Physical  Laboratory  in  1908,  and  this  latter  has  already 
been  shown  to  agree  with  that  made  by  Dr  Glazebrook  in  1888. 

The  following  is  now  a  very  useful  summary.  The  values  of 
the  coils  in  centimetres  of  mercury  in  1881,  1888,  and  1908  are 
given  in  Table  VIII. 

TABLE  VIII. 

Giving  the  Values  at  16'0°  C.  of  certain  Coils  in  cm.  of  Mercury 
in  1881,  1888,  and  1908  obtained  from  comparisons  with 
Mercury  Standards. 


1881 

1888                        1908 

Values  deduced  from 

Values  at  time  of 

Values 

Lord  Rayleigh'  s  De- 

Dr Glazebrook's 

directly 

termination  of  the 

Determination. 

Determined 

Coil 

Specific  Resistance  of 

F,  G,  and  Flat 

through 

Maximum 

Mercury.    F  and  Flat 

were  used  ; 

N.P.L. 

Difference 

were  used  ;  for  Rela- 

for Relative 

Mercury 

tive  Values  of  Coils 

Values  of  Coils 

Standards  of 

see  Table  VII. 

see  Table  V. 

Resistance 

cm. 

cm. 

cm. 

cm. 

A 

104-847 

104-946 

104-918 

0-071 

B 

104-872 

104-901 

104-893 

0-029 

C 

104-894 

104-945 

104-972                0-078 

D 

104-885 

104-888 

104-887               0-003 

E 

104-948 

104-951 

104-950                0-003 

F 

104-805 

104-843 

104-959                0-154 

G 

104-769 

104-807 

104-974 

0-205 

H 



104-836 

104-837               0-001 

Flat 

104-871 

104-898                  104-922 

0-051 

The  preceding  comparison  strengthens  the  conclusions  already 
arrived  at  respecting  the  most  constant  coils.  From  Table  VIII. , 
D  and  E  have  apparently  kept  constant  in  resistance  since  1881, 
while  H  appears  to  have  remained  constant  since  1888. 

It  is  of  some  importance  to  note  that  in  1892  the  ratio  of  the 
B.  A.  unit  to  the  ohm  was  accepted  as  being 
1  ohm  =  1-01358  B.A.  unit, 

this  being  based  on  the  values 

100cm.  mercury  =  0-9535  B.A.  unit, 
106'3  cm.  mercury  =  1  ohm. 
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Other  Platinum-silver  and  Gold-silver  Coils. 

In  addition  to  the  platinum-silver  coils,  F,  G,  H,  and  Flat, 
originally  constructed  to  represent  the  B.  A.  unit  at  a  particular 
temperature,  there  are  three  other  platinum-silver  coils,  numbered 
3715  (Nalder  Brothers)  and  269  and  270  (Elliott  Brothers),  made 
to  represent  the  ohm  =1*01 358  B.  A.  unit.  There  are  also  two 
10-ohm  platinum-silver  coils,  numbered  288  and  289  (Kllintt 
Brothers).  All  these  coils  are  the  property  of  the  Association, 
and  they  were  extensively  used  from  1888  to  1903  for  the 
standardising  of  other  coils.  From  the  results  of  observation^ 
recorded  in  the  Report  for  1903  it  appears  that  from  1894  to 
1903  Nos.  3715  and  270  remained  constant  in  resistance,  and  that 
from  1897  to  1903,  288  and  289  remained  constant.  In  1903  the 
N.P.L.  mercury  standards  of  resistance  were  constructed,  and 
since  then  the  mercury  standards  have  been  taken  as  constant, 
and  the  resistances  of  all  coils  expressed  by  means  of  them.  The 
B.  A.  unit  (as  obtained  from  all  the  platinum-silver  coils,  taking 
the  values  given  in  1888  as  correct,  and  applying  corrections  for 
estimated  changes  in  the  coils)  was  in  1903  found  to  be  equal  to 
1/1*01367  international  ohm.  Accepting  this  ratio  for  the  time 
being,  the  resistances  at  16'0°C.  of  certain  coils,  compared  in 
1888,  1894,  1897,  1903,  and  1908,  are  given  in  the  following 
table  :— 

TABLE  IX. 


Coil 

Material 
of 
Con- 

Approx. 
Temp. 
Co- 

Resistance 

Maximum 
Difference 
(Parts  in 

struction 

efficient 

1888 

1894 

1897 

190* 

1906 

100,000) 

*3715 

Pt.  Ag. 

0-00030 

1-00050 

_ 

1-00050 

1-00057 

7 

*269 

0-00029 

1-00070 



1-00089 

19 

*270 

0-00032  i      •  — 

1-00006 

— 

I'lXKMHJ 

1-00003 

3 

*288 

0-0030 





10-0060 

100060 

IWOM 

4 

*289 

0-0026           — 

— 

10-0088 

10-00245 

10-0031 

5 

64 

0-00013     0-99976 

— 

— 

— 

0-00089 

11 

19           '  An.  Ag. 

0-00071      0-SKiJ»-23 

— 

-             - 

010087 

14 

68  (//)      Pt.  Ag. 

0-00029 

0-99009 

— 

—             — 

0-9&I3S 

23 

1C.  F.T. 

0-00028 

0-99927 

— 

— 

— 

U 

34             Au.  Ag. 

0-00071 

(>•!«>!  tSII 

— 

— 

— 

1-iMMMx; 

H 

3          !   Pt.  Ag. 

00031 

9-995(5 

—              — 

— 

9*9061 

7 

4 

O'OOS.i 

9-994] 

—              — 

— 

0*OOM 

y 

IOC.  F.T. 

0-0030 

~~ 

mm 

i 

*  The  resistances  of  these  coils  are  given  in  ohms  (1  ohm  =  1*01 358  B.A.  unit). 
The  remaining  coils  have  their  resistances  given  in  B.A.  units. 

For  the  loan  of  coil  No.  64  we  are  indebted  to  Professor 
Trouton,  of  University  College ;   originally  this  coil  was  in  the 
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possession  of  Professor  Carey  Foster.  For  the  loan  of  the  coils 
numbered  19,  68  (#),  1  C.F.T.,  34,  3,  4,  and  10  C.F.T.  we  are 
indebted  to  Mr  H.  A.  Taylor,  of  Victoria  Street,  London.  We 
tender  our  hearty  thanks  to  Professor  Trouton  and  Mr  Taylor. 
All  the  coils,  excepting  19  and  34,  are  of  platinum-silver;  19  and 
34  are  of  gold-silver. 

In  Table  IX.  maximum  differences  of  the  order  1  to  5  parts  in 
100,000  may  probably  be  neglected  if  this  maximum  difference 
does  not  occur  in  the  period  1903-1908.  In  1903  and  1908  the 
errors  of  observation  were  very  small,  and  a  recorded  difference 
of  1  or  2  parts  in  100,000  must  be  taken  as  indicating  a  true 
change  in  the  resistance  of  a  coil.  The  method  of  measuring  a 
very  small  change  in  resistance  will  be  made  clear  in  the  next 
section  on  manganin  coils. 

The  most  constant  coils  appear  to  be  270,  288,  289,  10  C.F.T., 
3,  and  3715.  Of  these  six  resistances  two  only  are  unit  coils ; 
the  remainder  are  coils  of  10  ohms  each.  In  Table  IX.  the 
values  of  eight  unit  coils  and  of  five  10-ohm  coils,  are  tabulated, 
and  of  the  latter  four  have  kept  nearly  constant.  This  fact  is 
important,  as  it  points  to  the  changes  of  resistance  being  largely 
due  to  actions  at  the  soft-soldered  joints,  and  not  entirely,  if  at 
all,  to  the  action  of  paraffin  wax  (possibly  acid)  on  platinum-silver. 
In  addition,  part  of  the  changes  may  be  due  to  change  in  structure 
of  the  alloy. 

The  values  at  16'0°  C.  of  the  coils  A,  B,  C,  D,  E,  F,  G,  H  and 
Flat,  in  terms  of  the  unit  of  resistance  employed  for  the  purposes 
of  Table  IX.,  are  approximately 

.4  =  1-00050  F  =1-00088 

£=1-00026  G  =1-00103 

(7=1-00101  H  =0-99972 

£  =  1-00020  Flat  =  1-00053 
.#=1-00080 

Manganin  Standards  of  Resistance. 

The  manganin  standards  of  the  National  Physical  Laboratory 
are  in  constant  use  and  have  proved  of  very  great  value.  They 
not  only  facilitate  electrical  measurements,  but  they  bring  them 
to  a  far  higher  degree  of  accuracy  than  was  formerly  attainable. 
Nevertheless,  the  variations  in  these  resistances  have  in  many 
cases  been  a  source  of  trouble,  and  attempts  have  been  made,  and 
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are  being  continued,  to  construct  standard  coils  of  manganin  which 
shall  remain  practically  constant  in  resistance. 

Since  1903  the  manganin  standards  have  been  intercompared 
at  least  four  times  every  year,  and  the  probable  changes  have  been 
deduced  from  occasional  comparisons  with  mercury  standards  and 
from  tables  of  difference  values,  due  regard  being  also  paid  to  the 
past  history  of  the  coils.  As  an  example  of  the  comparisons  we 
take  the  case  of  seven  1-ohm  coils  which  were  intercompared  in 
January,  April,  July,  and  October  1906.  The  observed  differences 
are  given  in  Table  X. 

TABLE  X. 


Coils 

Differences  in  1  x  10~5  ohm  at  17-0°  C. 

;                                  | 

Jan.  1906 

April  1906 

July  1906 

Oct.  1906 

Maximum 
Difference 

1690-780 

6-82 

6-87 

7-05 

5-93 

M2 

1690-2351 

2-17 

2-35 

2-04 

1-47 

0-88 

1690-2483 

0-26 

0-48 

0-26 

-0-30 

0-78 

1690-381 

-5-80 

-6-05 

-5-97 

-6-27 

0-47 

1690-Z-17            15-63 

13-41             12-69 

11-80 

3-83 

1690-Z-18            16-69 

16-05             15-54 

14-92 

.      1-67 

Any  one  of  these  differences  was  not  obtained  from  a  single 
observation,  but  is  the  mean  of  six  differences.  All  possible  com- 
binations of  the  seven  coils  were  taken — 21  in  all — and  the 
differences  observed.  From  these  21  observations  six  values 
resulted  for  the  difference  between  any  two  of  the  coils ;  it  is  the 
mean  of  these  six  values  which  is  recorded.  The  temperature 
during  the  observations  was  very  nearly  17'0°  C.,  and  the  differences 
were  corrected  to  17°C.  before  taking  the  mean. 

An  analysis  of  the  figures  given  in  Table  X.  indicates  that  the 
coils  1/17  and  L'18  probably  changed  most  during  1906,  and  that 
the  other  five  coils  changed  by  amounts  less  than  3  parts  in 
1,000,000  from  January  to  July  1906.  From  July  to  October  the 
difference  1690-780  changed  by  an  appreciable  amount  and  the 
differences  in  the  values  for  July  and  October,  viz.: 

1690-    780  Change=     1-12  x  10~5  ohm 

1690-2351  „   =-0-57 

1690-2483          „    -0-56    „ 

1690-  381  =-0-30 
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CHART  I :    Showing  the  Variations  in  Resistance  of  Manganin  Standard  Coils 
of  Nominal  Values,  1  ohm,  10  ohms,  and  100  ohms. 
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Chart  II:   Showing  the  Variations  in  Resistance  of  Manganin  Standards  of 
Nominal  Values,  O'OOl,  O'Ol,  O'l  ohm,  and  1,000,  10,000  ohms. 
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indicate  that  1690  probably  fell  in  resistance  in  this  period  by  about 
6  parts  in  1,000,000,  and  780  rose  by  about  5  parts  in  1,000,000. 
The  other  small  changes  are  difficult  to  assign  and  are  possibly 
due  to  variable  humidity.  The  errors  in  the  differences  recorded 
are  certainly  less  than  1  x  10~6  ohm. 

The  above  is  only  part  of  the  analysis  of  the  differences  which 
is  in  general  made.  Comparisons  with  coils  other  than  units  are 
also  often  desirable,  but  need  not  be  dealt  with  here. 


TABLE  XI. 
Resistances  in  International  Ohms  at  17'0°  C. 


Resistance 
Standard 

Nominal 
Value 

Oct.  1903 

Oct.  1904. 

Oct.  1905 

Oct.  1906 

Oct.  1907 

O.W.  2196 
O.W.  2493 

O'OOl  ohin 

- 

0'000999968 
0-001000000 

0'000999978 
0'001000014 

o-ooiooooo8 

0'001000016 

0'001000140 
0'001000014 

O.W.  2200 
O.W.  2492 

O'Ol  ohm 

— 

0-0100014e 
0'  0100011  2 

0'01000169 
0'01000110 

0-01000207 

0'010U0097 

0-0100041  4 
0'01000097 

O.W.  2352 
O.W.  2484 

O'l  ohm 

0'0999985 

0'0999980 
0-1000090 

0'0999984 
0-1000110 

0'0999984 
0'1000114 

0'0999993 
0'1000174 

O.W.  1690 
O.W.    780 
O.W.    381 
O.W.  248i 
O.W.  2351 
i-17 
i-18 

1  ohin 

1-000044 
0-999939 

roooo96 

1'000004 
0'999996 
0*99985, 
0-999840 

roooo25 

0*99994, 
1'000098 
1-OOUOOa 
0-99998.2 
0  -999864 
0-999856 

1-00002, 
0'999940 
1  -000084 
1-000024 
1'000005 
0-999875 
0'999858 

1-000025 
0  '999965 

roooo88 

1'000024 

1*000014 

0'999908 
0-999682 

1'000007 
0-999965 
1-000092 
1-000035 
1-000024 
0-999925 
0'999890 

O.W.    738 
O.W.  1693 
£-19 
i-20 

10  ohms 

9'99S75 
10'00005 

9'99878 
1<>-000:>0 
9-9995, 
9'99955 

9'99864 
10'OOOlg 
9-9997, 
9'99962 

9'99858 
10'00()28 
9'99985 
9-9999-2 

9'99879 
10'00047 
10-00037 
9'9999S 

O.W.    739 
O.W.  2450 

100  ohms 

99'9996 
99'9959 

99-999! 
100000-2 

99'999e 
100'0048 

99'9996 
100'0092 

99'9990 
100-0132 

O.W.    740 
O.W.  2449 

1000  ohms 

1000-153 
1000-012 

1000-  17, 
1000'244 

1000-21  8 
1000'494 

1000'248 
1000-668 

1000-266 
1000'814 

O.W.  2448 

10000  ohms 

10000'24 

10002-40 

10003'57 

10003'82 

10003'74 

Table  XI.  gives  the  resistance  of  a  number  of  manganin  coils 
in  the  October  of  each  year  from  1903  to  1907,  and  charts  Nos.  1 
and  2  show  the  complete  changes  in  most  of  the  coils  from  March 
1903  to  June  1908.  In  Table  XI.  the  resistances  are  given  in  the 
same  month  of  each  year  in  order  to  eliminate  from  the  table  (as 
much  as  possible)  the  effects  of  humidity  on  the  resistances  of 
the  coils. 

Resistances  1/19,  2448,  and  2449  were  placed  in  atmospheres 
of  varying  humidities  in  the  interval,  October  1907-April  1908, 
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and  hence  the  curves  for  these  coils  are  not  continued  on  the 
charts  after  January  1908. 

At  first  limiting  our  attention  to  the  unit  coils,  we  see  from 
the  charts  that  these  have  varied  during  the  past  five  years  by  the 
following  amounts : — 

TABLE  XII. 


Maximum  Change  in 

Difference  Value. 

Coil 

Resistance  in 

Resistance  in  l'.K)8  mi  nut 

5  years 

Resistance  in  1903 

1690 

37  x  10  ~6  ohm 

37  x  10-*  ohm 

780 

4-6         „ 

4-6 

2351 

7-8        „ 

-0-2 

2483 

4-4         „ 

3-2 

381 

2-6         „ 

-0-2 

I'll 

10-2 

9-6 

Z-18 

8-8 

8-8 

Mean  =  6-0        „ 

Mean  =+4-2 

If  we  neglect  Z/17  and  Z/18  the  mean  value  of  the  other  five 
coils  is  2-2  x  10~5  ohms  greater  in  1908  than  in  1903. 

Apart  from  the  cause  of  these  changes,  it  is  interesting  to 
form  some  idea  of  what  interpretation  of  the  differences  might 
reasonably  have  been  applied  if  mercury  standards  had  not  been 
the  master  standards.  If  the  mean  value  of  the  seven  coils  had 
been  taken  as  remaining  constant,  the  error  in  five  years  would 
have  amounted  to  4'2  parts  in  100,000.  A  comparison  with  coils 
of  nominal  values  differing  from  unity  might,  however,  be  made, 
and  such  might  largely  influence  the  result. 

The  maximum  changes  which  have  taken  place  in  the  other 
resistance  standards  and  the  difference  values  (1908-1903  values) 
are  given  in  Table  XIII. 

The  mean  difference  in  the  values  of  all  the  manganin  coils 
for  1908  and  1903  is  12'6  parts  in  100,000.  The  oldest  coils  are 
381  (seventeen  years  old),  780,  738,  739,  and  740  (thirteen  years 
old),  and  1G93  and  1690  (eight  years  old),  the  ages  being 
approximate  only.  The  remainder  of  the  coils  are  from  five  to 
'six  years. old. 

The  most  constant  coils  belonging  to  various  groups  are : — 
381 — most  constant  of  the  unit  coils. 

738  „  „  10  ohms  coils. 

739  „  „  100 

740  1,000 
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TABLE  XIII. 


Eesistance 
Standard 

Nominal 
Value 

Maximum 
Change  since 
1903. 
Parts  in 
100,000 

1908  Value 
minus 
1903  Value. 
Parts  in 
100,000 

Mean 
Difference. 
Parts  in 
100,000 

O.W.  2196 
O.W.  2493 

0-001  ohm 

o-ooi    „ 

22-4 
2-0 

22-4 

1-8 

|       +12-1 

O.W.  2200 
O.W.  2492 

o-oi     „ 
o-oi     „ 

33-0 
1-9 

33-0 
0-2 

|       +16-6 

O.W.  2352 
O.W.  2484 

o-i      „ 
o-i      „ 

2-0 

8-0 

1-4 

8-0 

|       +   4-7 

O.W.    738 
O.W.  1693 
Z-19 
Z-20 

10  ohms 
10      „ 
10      „ 
10      „ 

2-2 

8-0 

no 

8-3 

1-7 
7-2 
9'6* 
7-6* 

I       +   6-5 

O.W.    739 
O.W.  2450 

100      „ 
100      „ 

1-2 
18-0 

-1-0 
18-0 

j       +   8-5 

O.W.    740 
O.W.  2449 

1000      „ 
1000      „ 

11-8 
89-4 

11-4 
89-4 

|       +50-4 

O.W.  2448 

10000      „ 

40-0 

36-8 

+  36-8 

Mean  difference  value  (1908-1903  values)  =  +  16-5  parts  in  100,000. 

Mean  difference  value  (1908-1903  values)  including  the  unit 
coils  =  4-12-6  parts  in  100,000. 

These  are  the  difference  values  (1908-1904  values). 


In  general,  therefore,  the  older  the  coil  the  more  constant  does 
it  appear  to  be. 

With  reference  to  the  sudden  changes  in  resistance,  as  shown 
by  the  curve  for  2351  in  1903,  of  381  in  1904-5,  and  of  L'20  in 
1906,  we  can  offer  no  complete  explanation  ;  but  it  is  possible  that 
variable  humidity  of  the  surrounding  medium,  such  as  might  arise' 
from  the  presence  of  a  small  quantity  of  moisture  in  the  insulating 
oil,  was  responsible  for  part  of  these  changes. 

The  breaks  in  the  curves  for  2483,  2351,  1/17,  Z'18,  1693,  and 
2484  are  due  to  these  coils  being  away  from  the  National  Physical 
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Laboratory ;  they  were  being  compared  with  the  wire  standards  of 
the  Reichsanstalt. 

The  increase  in  resistance  of  No.  2449  is  phenomenal.  The 
daily  rate  of  change  for  1906  is  over  four  parts  in  10,000,000; 
that  is,  in  about  twenty-two  days  the  coil  changed  in  resistance  by 
about  one  part  in  100,000.  In  April  1907  we  attempted  to 
measure  the  change  from  day  to  day,  and  for  this  purpose  we 
compared  2449  and  740  every  working  day  for  four  weeks.  The 
results  obtained  are  as  follows : — 

Day  of  Observation     ...        1  3  5  8          10          12          15         17 

>lffeparTsin410o!o400  }      52'05     52'15    52'30    52'35    52'35    52'30    52'55 
Day  of  Observation     ...        19          22          24         26         29 

Difference  (2449-740))      ~    -     ,9.q,     ,q.0ft         ftn 
Parts  in  100,000  /      52  75 

The  change  was,  therefore,  a  very  gradual  one,  and  easily 
detected.  It  is  of  interest  to  note  that  the  rate  of  change  for  the 
last  six  months  of  1907  is  less  than  that  for  1903-6. 

The  possible  causes  of  the  changes  in  the  manganin  resistances 
may  be  classified  under  the  following  heads  : — 

1.  Change  in  structure  of  the  alloy. 

2.  Surface  action. 

3.  Humidity  effect. 

4.  Change  in  the  soldered  joints  connecting  the  wires  of 

high-resistance  coils  to  the  current  leads. 

5.  Change  at  the  junctions  of  the  potential  leads  with  the 

resistance  standard. 

Only  the  first  of  these  appears  to  fully  explain  the  gradual 
rise  in  resistance.  Causes  2  and  4  would  have  an  inappreciable 
effect  on  very  low  resistances;  yet  some  of  these — e.g.,  2196 — 
have  changed  by  considerable  amounts.  Cause  No.  5  would  have 
no  effect  on  high-resistance  coils,  since  these  are  not  provided  with 
potential  leads;  but  Table  XIII.  shows  that  all  of  the  high- 
resistance  coils  have  changed.  Cause  No.  2  produces  in  general 
a  cyclic  change,  and,  while  being  without  doubt  a  cause  of  variation, 
it  cannot  be  modified  to  explain  all  the  gradual  increases  in 
resistance,  owing  to  the  negligible  effect  of  humidity  on  very  low- 
resistance  standards.  Cause  No.  1  appears,  therefore,  to  have  been 
the  chief  agent  in  the  cases  we  have  considered. 

It  is  necessary,  however,  that  we  should  say  something  about 
B.  A.  47 
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other  manganin  coils.  In  1903  the  resistances  were  measured  of 
some  manganin  coils  (1  to  5,000  ohms)  in  a  box  by  R.  W.  Paul, 
London.  The  coils  could  not  readily  be  immersed  in  oil,  and  the 
measurements  were  therefore  uncertain  to  about  1  part  in  100,000. 
The  resistances  were  again  measured  in  1904, 1906,  and  December 
1907.  The  maximum  change  in  the  resistance  of  any  coil  is 
5  parts  in  100,000,  while  the  mean  increase  in  resistance  during 
1903-7  is  4  parts  in  100,000. 

In  1902,  and  again  in  1907,  the  resistances  were  measured  of 
some  manganin  coils  (1  to  10,000  ohms)  in  box  No.  1723  by 
O.  Wolff,  Berlin.  The  maximum  change  in  resistance  during  the 
period  1902-8  is  about  6  parts  in  100,000,  and  a  few  of  the  coils 
have  kept  practically  constant.  Many  manganin  coils  in  other 
boxes  are  known,  however,  to  have  changed  very  considerably. 

It  will  be  seen  that  of  the  manganin  standards  we  have 
examined  some  have  kept  remarkably  constant,  while  others  are 
practically  useless  as  standards.  It  must  not  be  concluded,  how- 
ever, that  all  manganin  resistances  are  subject  to  such  changes. 
Drs  Jaeger  and  Lindeck  have  shown  that  the  manganin  standards 
of  the  Reichsanstalt  keep  very  constant,  and  the  manganin  coils 
at  the  Bureau  of  Standards  also  appear  to  be  of  a  fairly  constant 
type,  though  subject  to  considerable  cyclic  changes  owing  to 
variable  atmospheric  humidity.  The  manganin  standards  reported 
on  in  this  Appendix  comprise  every  standard  resistance  of  manganin 
in  use  in  the  Standards  Department  of  the  National  Physical 
Laboratory. 


APPENDIX  II. 

Specifications  for  the  Practical  Realisation  of  the  Definitions  of 
the  International  Ohm  and  International  Ampere,  and 
Instructions  for  the  Preparation  of  the  Weston  Cadmium 
Cell. 

(From  the  National  Physical  Laboratory.} 

The  following  specifications  have  been  prepared  after  consulta- 
tion with  various  authorities,  and  will  form  a  basis  for  discussion 
at  the  forthcoming  Congress  on  Electric  Units  in  London.  They 
have  not  been  authoritatively  adopted,  and  are  subject  to 
amendment. 
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In  the  last  Report  specifications  for  the  realisation  of  the  in 
national  ampere  and  for  the  construction  of  the  cadmium  <<  11 
were  given,  the  processes  of  preparation,  etc.,  being  described  with 
considerable  detail.  These  specifications  appeal  to  a  much  wider 
circle  than  the  present  ones,  for  the  latter  are  intended  mainly  to 
serve  as  a  guide  to  the  standardising  institutions  of  the  varmu- 
countries  in  order  to  obtain,  as  far  as  possible,  complete  agree- 
ment in  the  units  of  electric  measurements.  Certain  instructions, 
such  as  the  purification  of  mercury,  have  therefore  been  omitted, 
but  all  which  are  thought  to  be  essential  for  an  exact  reproduction 
of  conditions  are  still  included.  Instructions  for  the  erection  of 
mercury  standards  have  not  previously  been  issued. 

The  International  Ohm. 

The  international  ohm  shall  be  equal  to  the  resistance  offered 
to  an  unvarying  electric  current  by  a  column  of  mercury  at  the 
temperature  of  melting  ice,  14'4521  grammes  in  mass,  of  a  con- 
stant cross  sectional  area,  and  of  106*300  centimetres  in  length, 
arranged  in  accordance  with  the  following  specification. 

The  column  of  mercury  shall  be  of  circular  section,  or  nearly 
so,  and  shall  be  contained  in  a  tube  of  suitable  glass  which  has 
been  carefully  annealed.  The  tube  shall  be  straight  to  the  eye. 
and  the  maximum  variation  in  its  area  of  cross  section  shall  not 
exceed  2  parts  in  100.  The  tube  is  to  be  carefully  calibrated,  and 
the  correction  for  its  conicality  determined. 

In  determining  the  weight  of  mercury  contained  by  the  tube 
when  filled  at  the  temperature  of  melting  ice,  the  column  of 
mercury  is  to  be  bounded  by  planes  at  the  terminal  cross  sections 
of  the  tube.  The  tube  should  not  be  unduly  heated,  and  it 
should  be  filled  with  mercury  by  exhaustion  of  air. 

The  axial  length  of  the  tube  should  be  measured  at  0°  C.  if 
possible,  otherwise  the  coefficient  of  expansion  of  the  glass  should 
be  determined  and  the  axial  length  of  the  tube  at  0°  C.  calculated 
from  axial  measurements  made  very  near  to  that  temperature. 
To  facilitate  measurements  of  the  axial  length,  the  ends  of  the 
tube  should  be  ground  very  slightly  convex. 

For  the  electrical  measurements  the  ends  of  the  tube  are  to 
be  connected  to  spherical  bulbs  of  glass,  the  slightly  convex  ends 
of  the  tube  forming,  very  nearly,  portions  of  the  internal  spherical 

47—2 
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surfaces  of  the  bulbs.  Each  bulb  is  to  be  provided  with  a  current 
and  a  potential  lead,  the  point  of  entry  of  the  former,  and  an  end 
of  the  tube  being  at  opposite  ends  of  a  diameter  of  the  bulb.  The 
potential  lead  shall  be  situated  in  a  plane  midway  between  the 
point  of  entry  of  the  current  lead  and  the  end  of  the  tube,  and  at 
right  angles  to  the  line  connecting  them. 

Contact  with  the  mercury  shall  be  made  by  means  of  platinum 
wires. 

The  diameter  of  a  bulb  is  to  be  from  30  to  33  times  the 
diameter  of  the  terminating  section  of  that  end  of  the  tube  to 
which  it  is  connected. 

If  L  is  the  axial  length  in  centimetres  of  the  mercury  column 
contained  by  the  tube  at  0°  C.,  W  the  weight  of  the  column  in 
grammes,  and  p  the  correction  for  the  conicality  of  the  tube,  the 
resistance  of  the  column  at  0°  C.  is 

r2          14*4521  L'2 

international  ohms. 


W  —  w 

When  the  spherical  bulbs  are  fitted  to  the  ends  of  the  tube 
and  the  whole  filled  with  mercury,  if  r  is  the  mean  radius  of  the 
tube  and  rlt  r2)  the  mean  radii  in  centimetres  of  the  terminal 
sections,  the  resistance  at  0°  C.  between  the  potential  leads  is 


0-001278982  ~ 


0-80r2 


L 

correct  to  1  per  cent,  of  the  added  resistance 

0-001278982  ^7 


international  ohms, 


The  electrical  measurements  are  to  be  carried  out  at  0°  C.,  the 
tube  and  spherical  vessels  being  surrounded  by  melting  ice  and 
about  15  centimetres  below  the  upper  surface  of  the  ice.  The 
connecting  wires  employed  for  the  current  and  potential  leads 
must  be  thin,  the  flow  of  heat  through  them  to  the  mercury 
being  insufficient  to  produce  appreciable  error  by  the  warming  of 
the  mercury. 

The  insulation  resistance  between  the  mercury  column  and  the 
ice  surrounding  the  tube  must  not  be  less  than  10,000,000  ohms. 

The  current   employed  in  comparing  the  mercury  resistance 

*  The  end  correction  factor  is  given  in  these  formulae  as  0-80 :  this  value  is, 
however,  subject  to  amendment. 
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with  other  resistances  shall  be  limited  by  the  coinliti.ni  that  the 
mercury  shall  not  be  warmed  sufficiently  to  produce  appreciable 
error. 

The  mean  of  at  least  five  tubes  must  be  taken  to  <l«-t.  -nnin.-  th, 
value  of  the  mercury  unit. 

The  mean  of  at  least  three  fillings  shall  be  taken  as  the  value 
of  the  resistance  of  a  tube. 

Specification  for  the  Practical  Application  of  the  Definition  of  the 
International  Ampere. 

Conditions  under  which  silver  is  to  be  deposited  to  measure 
currents  from  0'5  to  8  amperes: — 

The  solution  shall  consist  of  from  15  parts  to  25  parts  by 
weight  of  pure  crystallised  silver  nitrate  in  100  parts  of  distilled 
water  free  from  chlorine.  It  shall  be  used  for  one  determination 
of  current  only. 

In  cases  in  which  it  is  desired  to  measure  a  current  of  about 
1  ampere  the  anode  shall  consist  of  a  disc  or  plate  of  pure  silver 
about  60  square  centimetres  in  area  and  3  or  4  millimetres  in 
thickness.  It  is  supported  by  a  silver  rod  riveted  through  its 
centre.  The  anode  shall  be  inserted  into  a  cup  of  filter-paper 
separately  supported. 

The  kathode  shall  consist  of  a  platinum  bowl  about  10  centi- 
metres in  diameter  and  7  centimetres  in  depth. 

About  300  cubic  centimetres  of  the  silver-nitrate  solution  are 
to  be  placed  in  the  kathode  bowl,  and  the  anode  is  to  be  supported 
near  the  top  of  the  solution  and  is  to  be  just  covered  by  it.  Not 
more  than  from  7  to  10  grammes  of  silver  should  be  deposited. 

(For  the  measurement  of  smaller  currents,  say  from  |  to  J 
ampere,  a  bowl  holding  about  60  cubic  centimetres  of  solution 
may  be  used,  the  anode  being  proportionately  reduced  in  size  and 
from  2  to  3  grammes  of  silver  being  deposited.) 

The  deposit  should  be  rinsed  with  distilled  water  free  from 
chlorine  until  the  addition  of  a  drop  of  neutral  solution  of  sodium 
chloride  in  water,  to  the  wash  water,  produces  no  milkiness.  The 
kathode  bowl  is  then  nearly  filled  with  distilled  water  and  left  for 
at  least  three  hours ;  it  should  be  rinsed  three  times,  the  last  of 
these  wash  waters  remaining  in  the  bowl  for  ten  minutes.  This 
last  wash  water  should  give  no  milkiness  when  added  to  a  neutral 
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solution  of  sodium  chloride  in  water.  The  deposit  is  to  be  dried 
in  an  electric  oven  at  a  temperature  of  about  160°  C.;  it  is  placed 
in  a  desiccator  to  cool,  and  is  afterwards  weighed. 

The  mass  of  the  deposit,  expressed  in  grammes,  divided  by 
the  number  of  seconds  during  which  the  current  has  been  passed 
and  by  O'OOlllS,  gives  the  mean  current  in  amperes. 

Preparation  of  the  Weston  Cadmium  Standard  Cell. 

The  cell  has  mercury  for  its  positive  electrode,  and  an  amalgam 
consisting  of  from  12  to  12'5  parts  by  weight  of  cadmium  in  100 
parts  of  the  amalgam  for  its  negative  electrode.  The  electrolyte 
consists  of  a  saturated  solution  of  cadmium  sulphate,  and  solid 
cadmium  sulphate  is  contained  within  the  cell.  A  paste,  con- 
sisting of  solid  mercurous  sulphate,  mercury,  and  solid  cadmium 
sulphate,  rests  on  the  positive  electrode. 

For  the  positive  electrode,  pure  distilled  mercury  should  be 
used. 

The  amalgam  may  be  made  either  by  electrodeposition  or  by 
mechanical  mixing.  It  should  be  fused  and  freed  from  oxide  by 
washing  with  dilute  sulphuric  acid. 

For  the  preparation  of  the  cadmium  sulphate  crystals  and 
solution,  commercially  pure  recrystallised  cadmium  sulphate  should 
be  dissolved  in  pure  distilled  water  so  as  to  form  a  clear  saturated 
solution.  Evaporation  at  about  35°  C.  is  then  allowed  to  proceed, 
when  crystals  separate  from  the  solution.  The  crystals  are  washed 
with  successive  small  quantities  of  distilled  water,  and  part  of 
them  is  dissolved  in  distilled  water  to  form  a  saturated  solution. 
The  solution  should  be  neutral  to  congo  red. 

The  mercurous  sulphate  should  be  quite  pure,  and  its  crystals 
should  not  be  so  small  as  to  have  an  abnormal  solubility  or  so 
large  as  to  be  inefficient  as  a  depolariser.  The  following  is  an 
example  of  a  method  for  preparing  the  salt  satisfactorily: — 

Add  15  cubic  centimetres  of  pure  strong  nitric  acid  to  100 
grammes  of  pure  mercury,  and  place  on  one  side  until  the  action 
is  over  or  nearly  over.  Transfer  the  mercurous  nitrate  thus 
formed,  together  with  the  excess  of  mercury,  to  a  beaker  con- 
taining about  200  cubic  centimetres  of  dilute  nitric  acid  (1  volume 
of  acid  to  about  40  volumes  of  water);  a  clear  solution  should 
result.  Prepare  about  1  litre  of  dilute  sulphuric  acid  (1  volume 
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of  acid  to  3  of  water),  and  whil«  ;h«  mixture  is  hot  add  the  acid 
mercurous  nitrate  solution  to  it.  The  solution  should  be  added 
as  a  very  fine  stream  from  tin-  narrow  orifice  of  a  pipette,  and  the 
mixture  violently  agitated  during  the  mixing.  Mercurous  sul- 
phate is  precipitated.  Decant  the  hot  clear  liquid  and  wash 
the  precipitate  twice  by  decantation  with  dilute  sulphuric  acid 
(1  volume  of  acid  to  6  of  water).  The  precipitate  should  then  be 
filtered  and  washed  three  times  with  dilute  sulphuric  acid  (1  to  6), 
and  afterwards  6  or  7  times  with  saturated  cadmium  sulphate 
solution  to  remove  the  acid.  The  mercurous  sulphate  should  then 
be  flooded  with  saturated  cadmium  sulphate  solution  and  left  for 
one  hour,  after  which  the  solution  is  tested  with  congo  red  paper. 
In  general  no  acid  will  be  detected,  and  if  so  the  mercurous 
sulphate  is  ready  for  use. 

To  set  up  the  cell  the  H  form  of  vessel  is  the  most  convenient. 
The  platinum  wires  inside  the  vessel  should  be  amalgamated  by 
passing  an  electric  current  to  each  in  turn  through  an  acid 
solution  of  mercurous  nitrate.  The  vessel  must  afterwards  be 
washed  out  twice  with  dilute  nitric  acid  and  several  times  with 
distilled  water;  it  must  be  free  from  stains  and  scrupulously 
clean;  it  is  dried  by  the  application  of  heat.  The  amalgam  is 
fused  and  its  surface  flooded  with  very  dilute  sulphuric  acid; 
sufficient  of  it  to  completely  cover  the  amalgamated  platinum  wire 
should  then  be  introduced  into  one  of  the  limbs  of  the  H  vessel. 
To  free  from  acid  the  amalgam  may  be  remelted  and  washed  with 
distilled  water.  Into  the  other  limb  of  the  vessel  sufficient  mer- 
cury is  introduced  to  completely  cover  the  amalgamated  platinum 
wire.  Then  the  paste,  finely  powdered  crystals  of  cadmium 
sulphate,  and  saturated  cadmium  sulphate  solution  are  added  in 
the  order  named  and  the  cell  sealed. 

Its  electromotive  force  at  20°  C.  is  1'0180  volt. 

The  electromotive  force  at  any  other  temperature  (t)  may  be 
obtained  from  the  equation: — 

Et  =  1'0185  -  0-000038  (t  -  20)  -  0*00000065  (t  -  20)*, 
the  limits  of  temperature  being — (these  have  not  yet  been  fixed). 
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THE  Committee  desire  in  the  first  place  to  record  their  sense 
of  the  great  loss  electrical  science  has  sustained  since  their  last 
meeting  by  the  death  of  Professor  Ayrton,  F.R.S.  The  revival 
of  the  Electrical  Standards  Committee  was  proposed  by  him  at 
the  Swansea  Meeting  in  1880.  He  had  been  a  member  since 
that  date,  and  much  of  the  work  of  the  Committee  owes  its 
initiation  to  his  inspiration.  He  contributed  greatly  to  the 
success  of  the  Ayrton-Jones  ampere  balance,  and  was  deeply  in- 
terested in  the  preparations  for  the  Lorenz  apparatus  now  being 
erected  at  the  National  Physical  Laboratoiy  as  the  gift  of  the 
Drapers'  Company  in  memory  of  Professor  Viriamu  Jones.  The 
Committee  will  miss  in  no  small  degree  his  keen  criticism  and  his 
active  help. 

The  International  Conference  on  Electrical  Units  and  Standards, 
referred  to  in  previous  Reports,  met,  on  the  invitation  of  H.M. 
Government,  in  the  rooms  of  the  Royal  Society,  from  October  12 
to  October  22,  1908.  It  was  attended  by  forty-six  delegates, 
representing  twenty-two  countries  and  four  British  dependencies. 
The  Report  of  the  Conference  is  printed  as  an  Appendix  to  this 
Report.  In  accordance  with  one  of  the  resolutions  passed  by  the 
Conference,  Lord  Rayleigh,  as  Chairman,  appointed  a  committee 
of  fifteen  to  advise  as  to  the  organisation  of  a  permanent  Com- 
mission, to  formulate  a  plan  for  and  to  direct  such  work  as  may  be 
necessary  in  connection  with  the  maintenance  of  standards,  fixing 
of  values  and  intercomparisons  of  standards,  and  to  complete  the 
work  of  the  Conference. 
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The  work  of  this  Committee  is  now  in  progress,  and  it  i- 
proposed  that  representatives  of  the  National  Physical  Laboratory 
and  of  the  Reichsanstalt  should  visit  Washington  this  autumn. 

In  their  last  Report  the  Committee  suggested  the  republication 
of  the  Reports  of  the  original  Committee  from  1862  to  1871,  and 
of  the  present  Committee  from  1881,  as  a  memorial  to  the  con- 
nection of  Lord  Kelvin  with  their  work.  They  are  glad  to  learn 
that  the  recommendation  from  the  Committee  of  Section  A  in 
favour  of  this  course  has  been  accepted  by  the  Council,  and  that  a 
proposal  to  undertake  the  projected  republication  will  be  made  to 
the  General  Committee  at  Winnipeg. 

The  Committee  are  greatly  indebted  to  Mr  R.  K.  Gray  for  a 
generous  donation  of  £100  towards  the  expenses  of  this  work. 

In  the  Appendix  to  the  Report  of  the  Committee  for  1905  it 
is  stated  that  slight  variations  in  the  electromotive  force  of  the 
Weston  normal  cell  can  be  produced  by  12|  per  cent,  cadmium 
amalgam.  A  preliminary  investigation  showed  that  the  variations 
were  generally  very  small  and  not  easily  reproduced.  In  general 
the  electromotive  force  was  normal  at  0°  C.  A  more  exhaustive 
investigation  has  now  been  completed  at  the  National  Physical 
Laboratory,  and  the  results  show  that  in  general  the  12  J  per  cent. 
amalgam  may  be  used  from  0°  C.  to  above  60°  without  any  appre- 
ciable error,  but  the  E.M.F.  of  a  standard  cell  containing  such  an 
amalgam  may  be  very  abnormal  at  all  temperatures  below  12°C. 
The  limits  of  temperature  for  the  general  use  of  a  12£  per  cent. 
amalgam  are  very  nearly  12°  C.  to  62°  C.  A  10  per  cent,  amalgam 
may  be  used  between  0°  C.  and  51°  C. 

Progress  with  the  Lorenz  apparatus  has  been  slow  but  satis- 
factory. The  difficulties  attending  the  driving  have  been  over- 
come to  a  considerable  extent :  an  electric  motor  will  be  installed. 
The  iron  of  the  motor  has  been  demonstrated  to  have  no  appre- 
ciable effect  on  the  mutual  induction  of  the  Lorenz  system  when  a 
small  addition  to  the  electrical  system  is  introduced. 

A  comparison  between  the  standards  of  resistance  used  at  the 
National  Physical  Laboratory,  the  National  Bureau  of  Standards, 
and  the  Physikalisch-Technische  Reichsanstalt  has  been  made  by 
the  use  of  some  hermetically  sealed  standards  belonging  to  the 
Bureau  of  Standards.  The  following  tables  give  the  results 
obtained : — 
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TABLE  I. — Giving  the  Results  of  Comparisons  made  February — 
March  1908.     Values  at  20°  C. 


"Nfci     nf  Pm'l 

Resistance  as  determined  at 

Difference 
Parts  in  100,000 

JMO.  OI  L/O11 

N.B.S. 

N.P.L. 

P.T.R. 

N.P.L.- 

N.P.L.- 

(Jan.) 

(Feb.) 

(Mar.) 

N.B.S. 

P.T.R. 

1.  (B.S.  1102A) 

0-99980J 

0-999829 

0'999816 

2-8 

1-3 

2.  (B.S.  1102  B) 

0'999750 

0-999776 

0-999759 

2-6 

1-7 

3.  (B.S.  1102c) 

l-OOOOOo 

1-000022 

1  -00001  o 

2-2 

1-2 

12.  (B.S.  2415D) 

0-99998, 

0-999997 

0'999975 

1-5 

2-2 

1.  (B.S.  3946E) 

99'9903 

99-9915 

99-9916 

1-2 

-o-i 

2.  (B.S.  3946  F) 

99-9858 

99-987! 

99'9872 

1-3 

-o-i 

1.  (B.S.  3946i) 

999'902 

999-920 

— 

1-8 

— 

2.  (B.S.  3946J) 

1000-019 

1000-035 

— 

1-6 

— 

Mean  .  .  . 

1-9 

1-0 

TABLE  II. — Giving  the  Results  of  Comparisons  made  November  1908 
to  March  1909.     Values  at  20°  C. 


No.  of  Coil 

Resistance  as  determined  at 

Difference 
Parts  in  100,000 

N.B.S. 
(Sept.  1908) 

MPT                  P.T.R. 

(Nov  1908r(Nov'1908- 
(Nov.UOS)     Jan>1909) 

N.P.L. 
(Feb.  -Mar. 
1909) 

N.P.L.- 
N.B.S. 

N.P.L.- 
P.T.R. 

1.  (B.S.1102A) 
2.  (B.S.  1102  B) 
3.  (B.S.  1102  c) 
4.  (B.S.  1102  D) 
11.  (B.S.5315C) 
12.  (B.S.5315D) 
1.  (B.S.  3946  E) 
2.  (B.S.  3946  F) 

0-999997 
0-999997 
l-OOOOOo 
0-999994 
0-99999X 
0-99998! 
99'9916 
99-9875 

1'000023 
1-000022 
1-00001  6 
1  -00001  1 
1-00001  4 

I'OOOOOg 

99-9945 
99'9907 

0-999999 
1-000008 
1  -999989 

1-OOOOlg 
1  -000025 
l-OOOOlj 

2-6 
2-5 
1-6 
21 
2'9 
2-6 
2-9 
3-2 

1-6 
1-2 

1-8 

Mean... 

2-5 

1-5 
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The  unit  coils  Nos.  1  and  2  were  adjusted  at  Washington  on 
September  23,  1908,  so  as  to  have  values  mm-.-  n,  arly  equal  to  the 
nominal.  The  changes  made  were  +0-00019,,  ohm  and  +  0-00024- 
ohm  respectively. 

Analysis  of  all  the  data  relating  to  the  comparisons  indicates 
that  the  coil  No.  11  (Table  II.)  changed  by  about  O'OOOOl  ohm 
during  transportation  from  Teddington  to  Charlottenburg. 

No.  12  is  a  comparatively  new  coil,  having  been  sealed  in 
January  1908. 

At  the  Bureau  of  Standards  (Washington)  wire  coils  were 
employed  as  standards  in  all  the  comparisons. 

The  values  given  by  the  N.P.L.  in  Table  I.  are  in  terms  of  the 
N.P.L.  mercury  standards  of  resistance,  which  were  set  up  in 
November  and  December  1907.  The  N.P.L.  values  in  Table  IL 
are  in  terms  of  the  mercury  standards  of  resistance  which  were 
erected  in  February  1909. 

With  respect  to  the  values  given  by  the  Reichsanstalt,  in 
Table  I.,  Dr  Lindeck  states,  "  The  last  complete  series  of  measure- 
ments on  the  standards  of  the  Reichsanstalt  was  carried  out  at  the 
end  of  January  and  the  beginning  of  February.  The  values  given 
in  the  Table  (I.)  are  based  upon  this  series." 

In  Table  II.  the  P.T.R.  values  depend  upon  the  values  assigned 
to  a  wire  standard  of  the  Reichsanstalt  which  had  been  kept  for 
about  a  year  in  an  atmosphere  of  constant  humidity,  and  frequently 
compared  with  other  standards  of  resistance. 

In  conclusion  the  Committee  recommend  that  they  be  reap- 
pointed  for  the  purpose  of  continuing  their  researches  on  the 
standards  and  carrying  out  the  republications  of  the  Reports  if 
sanctioned  by  the  General  Committee,  and  that  Lord  Rayleigh  be 
Chairman  and  Dr  R.  T.  Glazebrook  Secretary. 
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APPENDIX. 

International  Conference  on  Electrical  Units  and  Standards,  1908. 

REPORT. 

The  Conference  on  Electrical  Units  and  Standards,  for  which 
invitations  were  issued  by  the  British  Government,  was  opened 
by  the  President  of  the  Board  of  Trade,  the  Right  Hon.  Winston 
S.  Churchill,  M.P.,  on  Monday,  October  12,  1908,  at  Burlington 
House,  London,  W. 

Delegates  were  present  from  twenty-two  countries,  and  also 
from  the  following  British  Dependencies — namely,  Australia, 
Canada,  India,  and  the  Crown  Colonies. 

It  was  decided  by  the  Conference  that  a  vote  each  should  be 
allowed  to  Australia,  Canada,  and  India,  but  a  vote  was  not  claimed 
or  allowed  for  the  Crown  Colonies. 

The  total  number  of  Delegates  to  the  Conference  was  forty-six, 
and  their  names  are  set  out  in  Schedule  A  to  this  Report. 

The  officers  of  the  Conference  were  : — 

President. 

The  Right  Hon.  Lord  Rayleigh,  O.M.,  President  of  the  Royal 
Society. 

Vice-Presiden  ts. 

Professor  S.  A.  Arrhenius.  M.  Lippmann. 

Dr  N.  Egoroff.  Dr  S.  W.  Stratton. 

Dr  Viktor  Edler  von  Lang.  Dr  E.  Warburg. 

Secretaries. 

Mr  M.  J.  Collins.  Mr  C.  W.  S.  Crawley. 

Mr  W.  Duddell,  F.R.S.  Mr  F.  E.  Smith. 

The  Conference  elected  a  Technical  Committee  to  draft  speci- 
fications and  to  consider  any  matter  which  might  be  referred  to 
the  Committee  and  to  report  to  the  Conference. 

The  Conference  and  its  Technical  Committee  each  held  five 
sittings. 
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As  a  result  of  its  deliberation  the  Conference  adopted  the 
resolutions  and  specifications  attached  to  this  Report  and  set  out 
in  Schedule  B,  and  requested  the  Delegates  to  lay  th.-m  before 
their  respective  Governments  with  a  view  to  obtaining  uniformity 
in  the  legislation  with  regard  to  Electrical  (Tni( 

The  Conference  recommends  the  use  of  the  Weston  normal 
cell  as  a  convenient  means  of  measuring  both  electromotive  f<-' 
and    current   when    set   up   under  the    conditions    specified    in 
Schedule  C. 

In  cases  in  which  it  is  not  desired  to  set  up  the  standards 
provided  in  the  resolutions  Schedule  B,  the  Conference  recom- 
mends the  following  as  working  methods  for  the  realisation  of  the 
international  ohm,  the  ampere,  and  the  volt : — 

1.  For  the  International  Ohm. 

The  use  of  copies,  constructed  of  suitable  material  and  of 
suitable  form  verified  from  time  to  time,  of  the  in 
national  ohm,  its  multiples  and  submultiples. 

2.  For  the  International  Ampere. 

(a)  The  measurement  of  current  by  the  aid  of  a  current 
balance  standardised  by  comparison  with  a  silver 
voltameter;  or 

(6)  The  use  of  a  Weston  normal  cell  whose  electro- 
motive force  has  been  determined  in  terms  of  the 
international  ohm  and  international  ampere,  and  of  a 
resistance  of  known  value  in  international  ohms. 

3.  For  the  International  Volt. 

(a)  A  comparison  with  the  difference  of  electrical 
potential  between  the  ends  of  a  coil  of  resistance  of 
known  value  in  international  ohms,  when  carrying  a 
current  of  known  value  in  international  amperes ;  or 

(6)  The  use  of  a  Weston  normal  evil  whose  electro- 
motive force  has  been  determined  in  terms  of  the 
international  ohm  and  the  international  ampere. 

The  duties  of  specifying  more  particularly  the  conditions  under 
which  these  methods  are  to  be  applied  has  been  assigned  to  the 
Permanent  Commission,  and,  pending  its  appointment,  to  the 
Scientific  Committee  to  be  nominated  by  the  President  (see 
Schedule  D),  who  will  issue  a  series  of  Notes  as  Appendix  to  this 
Report. 
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The  Conference  has  considered  the  methods  that  should  be 
recommended  to  the  Governments  for  securing  uniform  adminis- 
tration in  relation  to  electrical  units  and  standards,  and  expresses 
the  opinion  that  the  best  method  of  securing  uniformity  for  the 
future  would  be  by  the  establishment  of  an  international  electrical 
laboratory  with  the  duties  of  keeping  and  maintaining  inter- 
national electrical  standards.  This  laboratory  to  be  equipped 
entirely  independently  of  any  national  laboratory. 

The  Conference  further  recommends  that  action  be  taken  in 
accordance  with  the  scheme  set  out  in  Schedule  D. 

Signed  at  London  on  October  21,  1908, 

by  the  Delegates  of  the  Countries  above  written. 

For  the  United  States  of  America.  S.  W.  Stratton,  Henry  S. 
Carhart,  and  Edward  B.  Rosa. 

For  Austria. — Viktor  von  Lang  and  Ludwig  Kusminsky. 

For  Belgium. — P.  Clement. 

For  Brazil. — Leopold  J.  Weiss. 

For  Chile. — Victor  Eastman. 

For  Colombia. — Jorge  Roa. 

For  Denmark  and  Sweden. — Svante  Arrhenius. 

For  Ecuador. — C.  Nevares. 

For  France. — G.  Lippmann,  J.  Rene  Benoit,  and  T.  de 
Nerville. 

For  Germany. — E.  Warburg,  W.  Jaeger,  and  St.  Lindeck. 

For  Great  Britain. — Rayleigh,  J.  Gavey,  R.  T.  Glazebrook, 
W.  A.  J.  O'Meara,  A.  P.  Trotter,  and  J.  J.  Thomson. 

For  Guatemala. — Francisco  de  Arce. 

For  Hungary. — Desire  Harsanyi  and  Joisef  Vater. 

For  Italy. — Antonio  R6iti. 

For  Japan. — Osuke  Asano  and  Shigeru  Kondo. 

For  Mexico. — Alfonso  Castelld. 

For  Netherlands. — Dr  H.  Haga. 

For  Paraguay. — Max.  F.  Croskey. 

For  Russia. — N.  Egoroff  and  L.  Swentorzetzky. 

For  Spain. — Jose  Ma.  de  Madariaga  and  A.  Montenegro. 

For  Switzerland. — Dr  H.  F.  Weber,  P.  Chappuis,  and  Jean 
Landry. 

For  Australia,— C.  W.  Darley  and  —  Threlfall. 

For  Canada. — Ormond  Higman. 
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For  Crown  Colonies. — P.  Cardew. 
For  India. — M.  G.  Simpson. 

In  the  presence  of—  M.  J.  Collins,  W.  Duddell,C.  W.  S.  Crawley, 
and  F.  E.  Smith,  Secretaries. 


SCHEDULE  A. 
LIST  OF  COUNTRIES  AND  DELEGATE 

America  (United  States). — Dr  S.  W.  Stratton,  Director  Bureau 
of  Standards,  Washington;  Dr  Henry  S.  Carhart,  Professor  of 
Physics  at  the  University  of  Michigan;  and  Dr  E.  B.  Rosa, 
Physicist,  Bureau  of  Standards,  Washington. 

Austria. — Dr  Viktor  Edler  von  Lang,  President  of  the  Com- 
mission of  Weights  and  Measures,  Vienna;  and  Dr  Ludwig 
Kusminsky,  Inspector  of  above  Commission. 

Belgium. — Professor  Eric  Gerard,  Director  of  the  Montefiore 
Electro-Technical  Institution  and  President  of  the  Consultative 
Commission  on  Electricity;  and  Monsieur  Clement,  Secretary  of 
the  Consultative  Commission  on  Electricity. 

Brazil. — Mr  L.  Weiss,  Chief  de  la  Section  Technique  des 
Telegraphes,  Bresil. 

Chile. — Don  Victor  Eastman,  First  Secretary  to  the  Legation 
of  Chile,  London. 

Colombia. — Don  Jorge  Roa. 

Denmark  and  Sweden. — Professor  S.  A.  Arrhenius,  Nobel 
Institute,  Stockholm. 

Ecuador. — Senor  Don  Celso  Nevares,  Consul-General. 

France. — Professor  Lippmann,  Member  of  the  Institute  and 
Professor  at  the  Sorbonne ;  M.  R.  Benoit,  Directeur  du  Bureau 
International  des  Poids  et  Mesures ;  and  M.  de  Nerville,  Ingenieur 
en  Chef  des  Telegraphes. 

Germany. — Professor  Warburg,  President  of  the  Imperial 
Physico-Technical  Institute;  Professor  Jaeger,  Member  of  the 
Imperial  Physico-Technical  Institute;  and  Professor  Lindeck, 
Member  of  the  Imperial  Physico-Technical  Institute. 

Great  Britain. — The  Right  Hon.  Lord  Rayleigh,  President  of 
the  Royal  Society;  Professor  J.  J.  Thomson,  F.R.S.,  Cambridge; 
Sir  John  Gavey,  C.B.;  Dr  R.  T.  Glazebrook,  F.R.S.,  Director  of  the 
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National  Physical  Laboratory;  Major  W.  A.  J.  O'Meara,  C.M.G., 
Engineer-in-Chief  General  Post  Office;  and  Mr  A.  P.  Trotter, 
Electrical  Adviser  to  the  Board  of  Trade. 

Guatemala. — Dr  Francisco  de  Arce,  Diplomatic  Representative, 
London  and  Paris. 

Hungary. — Joisef  Vater,  Director  Technique  des  Postes  et  des 
Telegraphes,  Budapest ;  and  Dr  Desire  Harsanyi,  Director  of  the 
Hungarian  Royal  Commission  for  Weights  and  Measures. 

Italy. — Professor  Antonio  Roiti,  of  Florence. 

Japan. — Dr  Osuke  Asano,  Doctor  of  Engineering,  Official 
Expert  of  the  Department  of  Communications,  Tokyo;  and 
Mr  Shigeru  Kondo,  Official  Expert  of  the  Department  of  Com- 
munications, Tokyo. 

Mexico. — Don  Alfonso  Castelk)  and  Don  Jose  Maria  Perez. 

Netherlands. — Dr  H.  Haga,  Professor  at  the  University  of 
Groningen. 

Paraguay. —  M.  Maximo  Croskey. 

Russia. — Dr  N.  Egoroff,  D.Sc.,  Director  of  the  General 
Chamber  of  Weights  and  Measures;  and  Col.  L.  Swentorzetzky, 
Ingenieur  Militaire,  Prof,  de  1'Academie  Militaire  Nicolas  des 
Ingenieurs,  St  Petersburg. 

Spain. — Don  Jose  Maria  Madariaga,  Professor  of  Electricity 
and  Physics  at  the  School  of  Mines,  Madrid;  and  Don  A. 
Montenegro,  Ingenieur  Professor  du  Laboratoire  de  1'Ecole  de 
Mines,  Madrid. 

Switzerland. — Dr  Fr.  Weber,  Professor  at  the  Swiss  Poly- 
technic School  at  Zurich ;  Dr  Pierre  Chappuis,  Mernbre  Honoraire 
du  Bureau  International  des  Poids  et  Mesures ;  and  Dr  J.  Landry, 
Professor  of  Industrial  Electricity  in  the  University,  Lausanne. 

British  Colonies. — Australia:  Mr  Cecil  W.  Daiiey,  I.S.O.,  late 
Inspecting  and  Consulting  Engineer  New  South  Wales  Govern- 
ment ;  and  Professor  Threlfall,  M.A.,  F.R.S.  Canada :  Mr  Ormond 
Higman,  Chief  Electrical  Engineer  Electric  Standards  Laboratory, 
Ottawa.  Crown  Colonies:  Major  P.  Cardew,  Electrical  Adviser. 
India:  Mr  M.  G.  Simpson,  Electrician  of  the  Indian  Telegraph 
Department. 

Secretaries:  Mr  M.  J.  Collins,  Mr  W.  Duddell,  F.R.S., 
Mr  C.  W.  S.  Crawley,  and  Mr  F.  E.  Smith. 
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SCHEDULE   B. 

RESOLUTIONS 

I.  The  Conference  agrees  that,  as  heretofore,  the  magnitudes 
of  the  fundamental  electric  units  shall   be  determined  on  the 
electro-magnetic  system  of  measurement  with  reference  to  the 
Centimetre  as  the  unit  of  length,  the  gramme  as  the  unit  of  mass, 
and  the  second  as  the  unit  of  time. 

These  fundamental  units  jire  (1)  the  ohm,  Jbhe  unit  of  electric 
resistance  which  has  the  value  of  1.000.000.000  in  terms  of  the 
centimetre  and  second;  (2)  the  ampere,  the  unit  of  electric 
current  which  has  the  value  of  one- tenth  (O'l)  in  terms  of  the 
centimetre,  gramme,  and  the  second;  (3)  the  volt,  the  unit  of 
electromotive  force  which  has  the  value  100,000,000  in  terms  of 
the  centimetre,  the  gramme,  and  the  second;  (4)  the  watt,  the 
unit  of  power  which  has  the  value  10,000,000  in  terms  of  the 
centimetre,  the  gramme,  and  the  second. 

II.  As  a  system  of  units  representing  the  above,  and  suffi- 
ciently near  to  them  to  be  adopted  for  the  purpose  of  electrical 
measurements  and  as  a  basis  for  legislation,  the  Conference  re- 
commends the  adoption  of  the  international  ohm,  the  international 
ampere,   and    the    international   volt   defined    according   to   the 
following  definitions: — 

III.  The  ohm  is  the  first  primary  unit. 

IV.  The  international  ohm  is  defined  as  the  resistance  of  a 


specified  column  of  mercury. 

V.  The  international  ohm  is  the  resistance  offered  to  an  un- 
varying electric  current  by  a  column  of  mercury  at  the  temperature 
of  melting  ice,  14-4521  grammes  in  mass,  of  a  constant  cross- 
sectional  area  and  of  a  length  of  106'300  centimetres. 

To  determine  the  resistance  of  a  column  of  mercury  in  terms 
of  the  international  ohm,  the  procedure  to  be  followed  shall  be 
that  set  out  in  Specification  I.  attached  to  these  Resolutions. 

VI.  The  ampere  is  the  second  primary  unit. 

VII.  The   international   ampere    is   the   unvarying    electric 
current  which,  when  passed  through  a  solution  of  nitrate  of  silver 
in  water,  in  accordance  with  Specification  II.  attached  to  these 
Resolutions,  deposits  silver  at  the  rate  of  O'OOlllSOO  of  a  gramme 
per  second. 

B,  A.  48 
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VIII.  The  international  volt  is  the  electrical  pressure,  which, 
when  steadily  applied  to  a  conductor  whose   resistance   is  one 
international  ohm,  will  produce  a  current  of  one  international 
ampere. 

IX.  The  international  watt  is  the  energy  expended  per  second 
by  an  unvarying  electric  current  of  one  international  ampere  under 
an  electric  pressure  of  one  international  volt. 


SPECIFICATION  I. 

Specification  relating  to  Mercury  Standards  of  Resistance. 

The  glass  tubes  used  for  mercury  standards  of  resistance  must 
be  made  of  a  glass  such  that  the  dimensions  may  remain  as 
constant  as  possible.  The  tubes  must  be  well  annealed  and 
straight.  The  bore  must  be  as  nearly  as  possible  uniform  and 
circular,  and  the  area  of  cross-section  of  the  bore  must  be  approxi- 
mately one  square  millimetre.  The  mercury  must  have  a  resistance 
of  approximately  one  ohm. 

Each  of  the  tubes  must  be  accurately  calibrated.  The  cor- 
rection to  be  applied  to  allow  for  the  area  of  the  cross-section  of 
the  bore  not  being  exactly  the  same  at  all  parts  of  the  tube  must 
not  exceed  5  parts  in  10,000. 

The  mercury  filling  the  tube  must  be  considered  as  bounded 
by  plane  surfaces  placed  in  contact  with  the  ends  of  the  tube. 

The  length  of  the  axis  of  the  tube,  the  mass  of  mercury  the 
tube  contains,  and  the  electrical  resistance  of  the  mercury  are  to 
be  determined  at  a  temperature  as  near  to  0°  C.  as  possible.  The 
measurements  are  to  be  corrected  to  0°  C. 

For  the  purpose  of  the  electrical  measurements,  end  vessels 
carrying  connections  for  the  current  and  potential  terminals  are 
to  be  fitted  on  to  the  tube.  These  end  vessels  are  to  be  spherical 
in  shape  (of  a  diameter  of  approximately  four  centimetres)  and 
should  have  cylindrical  pieces  attached  to  make  connections  with 
the  tubes.  The  outside  edge  of  each  end  of  the  tube  is  to  be 
coincident  with  the  inner  surface  of  the  corresponding  spherical 
end  vessel.  The  leads  which  make  contact  with  the  mercury  are 
to  be  of  thin  platinum  wire  fused  into  glass.  The  point  of  entry 
of  the  current  lead  and  the  end  of  the  tube  are  to  be  at  opposite 
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ends  of  a  diameter  of  the  bulb  ;  the  potential  lead  is  to  be  mid- 
way between  these  two  points.  All  the  leads  must  be  so  thin 
that  no  error  in  the  resistance  is  introduced  through  conduction 
of  heat  to  the  mercury.  The  filling  of  the  tube  with  mercury  for 
the  purpose  of  the  resistance  measurements  must  be  carried  out 
under  the  same  conditions  as  the  filling  for  the  determination  of 
the  mass. 

The  resistance  which  has  to  be  added  to  the  resistance  of  the 
tube  to  allow  for  the  effect  of  the  end  vessels  is  to  be  calculated 
by  the  formula  — 

0-80    /I       1 


where  rx  and  r2  are  the  radii  in  millimetres  of  the  end  sections  of 
the  bore  of  the  tube. 

The  mean  of  the  calculated  resistances  of  at  least  five  tubes 
shall  be  taken  to  determine  the  value  of  the  unit  of  resistance. 

For  the  purpose  of  the  comparison  of  resistances  with  a 
mercury  tube  the  measurements  shall  be  made  with  at  least  three 
separate  fillings  of  the  tube. 

SPECIFICATION  II. 
Specification  relating  to  the  Deposition  of  Silver. 

The  electrolyte  shall  consist  of  a  solution  of  from  15  to  20 
parts  by  weight  of  silver  nitrate  in  100  parts  of  distilled  water. 
The  solution  must  only  be  used  once,  and  only  for  so  long  that  not 
more  than  30  per  cent,  of  the  silver  in  the  solution  is  deposited. 

The  anode  shall  be  of  silver,  and  the  kathode  of  platinum. 
The  current  density  at  the  anode  shall  not  exceed  1/5  ampere  per 
square  centimetre  and  at  the  kathode  1/50  ampere  per  square 
centimetre. 

Not  less  than  100  cubic  centimetres  of  electrolyte  shall  be 
used  in  a  voltameter. 

Care  must  be  taken  that  no  particles  which  may  become 
mechanically  detached  from  the  anode  shall  reach  the  kathode. 

Before  weighing,  any  traces  of  solution  adhering  to  the  kathode 
must  be  removed,  and  the  kathode  dried. 


48—2 
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SCHEDULE  C. 

WESTON  NORMAL  CELL. 

The  Weston  normal  cell  may  be  conveniently  employed  as  a 
standard  of  electric  pressure  for  the  measurement  both  of  E.M.F. 
and  of  current,  and,  when  set  up  in  accordance  with  the  following 
specification,  may  be  taken,  provisionally*,  as  having,  at  a  tem- 
perature of  20°  C.,  an  E.M.F.  of  1'0184  volt. 

The  Weston  normal  cell  is  a  voltaic  cell  which  has  a  saturated 
aqueous  solution  of  cadmium  sulphate  (CdS04 .  8/3  H20)  as  its 
electrolyte. 

The  electrolyte  must  be  neutral  to  congo  red. 

The  positive  electrode  of  the  cell  is  mercury. 

The  negative  electrode  of  the  cell  is  cadmium  amalgam  con- 
sisting of  12*5  parts  by  weight  of  cadmium  in  100  parts  of 
amalgam. 

The  depolariser,  which  is  placed  in  contact  with  the  positive 
electrode,  is  a  paste  made  by  mixing  mercurous  sulphate  with 
powdered  crystals  of  cadmium  sulphate  and  a  saturated  aqueous 
solution  of  cadmium  sulphate. 

The  different  methods  of  preparing  the  mercurous  sulphate 
paste  are  described  in  the  notes  f.  One  of  the  methods  there 
specified  must  be  carried  out. 

For  setting  up  the  cell,  the  H  form  is  the  most  suitable.  The 
leads  passing  through  the  glass  to  the  electrodes  must  be  of 
platinum  wire,  which  must  not  be  allowed  to  come  into  contact 
with  the  electrolyte.  The  amalgam  is  placed  in  one  limb,  the 
mercury  in  the  other. 

The  depolariser  is  placed  above  the  mercury  and  a  layer  of 
cadmium  sulphate  crystals  is  introduced  into  each  limb.  The 

*  See  duties  of  the  Scientific  Committee,  Schedule  D. 

f  Notes  on  methods  pursued  at  various  standardising  laboratories  will  be  issued 
by  the  Scientific  Committee  or  the  Permanent  Commission,  as  an  Appendix  to  this 
Report. 
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entire  cell  is  filled  with  a  saturated  solution  of  cadmium  sulph.it  «• 
and  then  hermetically  sealed. 

The  following  formula  is  recommended  for  the  E.M.F.  of  the  cell 
in  terms  of  the  temperature  between  the  limits  0°  C.  and  40°  C.  :— 

Et  =  Ew-  0-0000406  (t  -  20°)  -  0-00000095  (t  -  20°)« 

+  0-00000001  (t  -  200)1. 


SCHEDULE  D. 

1.  The  Conference  recommends  that  the  various  Governments 
nterested  establish  a  permanent  International  Commission   for 

Electrical  Standards. 

2.  Pending  the  appointment  of  the  Permanent  International 
Commission,  the   Conference   recommends*  that  the  President, 
Lord  Rayleigh,  nominate  for  appointment  by  the  Conference  a 
Scientific  Committee  of  fifteen  to  advise  as  to  the  organisation  of 
the  Permanent  Commission,  to  formulate  a  plan  for  and  to  direct 
such  work  as  may  be  necessary  in  connection  with  the  maintenance 
of  standards,  fixing  of  values  f,  inter-comparison  of  standards,  and 
to   complete   the  work   of  the  Conference*     Vacancies   on   the 
Committee  to  be  filled  by  co-optation. 

3.  That  laboratories  equipped  with  facilities  for  precise  elec- 
trical measurements  and  investigations  should  be  asked  to  co- 
operate with  this  Committee  and  to  carry  out,  if  possible,  such 
work  as  it  may  desire. 

*  In  accordance  with  the  above,  Lord  Rayleigh  has  nominated  the  following 
Committee,  which  has  been  approved  by  the  Conference,  viz. : — 

Dr  Osuke  Asano.  Dr  H.  Haga.  Dr  E.  B.  Rosa. 

M.  R.  Benoit.  D.  L.  Kusminsky.  Dr  S.  W.  Stratton. 

Dr  N.  Egoroff.  Prof.  St.  Lindeck.  Mr  A.  P.  Trotter. 

Prof.  Eric  Gerard.  Prof.  G.  Lippinann.  Prof.  E.  Warburg. 

Dr  R.  T.  Glazebrook.  Prof.  A.  R6iti.  Prof.  Fr.  Weber. 

f  This  will  include  the  reconsideration  from  time  to  time  of  the  K.M.F.  of  the 
Westou  normal  cell. 

J  With  this  object  the  Committee  are  authorised  to  issue  as  an  Appendix  to  the 
Report  of  the  Conference,  Notes  detailing  the  methods  which  have  been  adopted  in 
the  Standardising  Laboratories  of  the  various  countries  to  realise  the  International 
Ohm  and  the  International  Ampere,  and  to  set  up  the  Westdn  Normal  Cell. 
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4.  The  Committee  should  take  the  proper  steps  forthwith  for 
establishing  the  Permanent  Commission,  and  are  empowered  to 
arrange  for  the  meeting  of  the  next  Conference  on  Electrical 
Units  and  Standards,  and  the  time  and  place  of  such  meeting 
should  this  action  appear  to  them  to  be  desirable. 

5.  The  Committee    or  the    Permanent   International   Com- 
mission shall  consider  the  question  of  enlarging  the  functions  of 
the  International  Commission  on  Weights  and  Measures,  with  a 
view  to  determining  if  it  is   possible  or  desirable   to   combine 
future  Conferences  on  Electrical  Units  and  Standards  with  the 
International  Commission  on  Weights  and  Measures,  in  place  of 
holding    in    the    future    Conferences    on    Electrical   Units   and 
Standards.     At  the  same  time  it  is  the  opinion  of  the  Conference 
that  the  Permanent  Commission  should  be  retained  as  a  distinct 
body,  which  should  meet  at  different  places  in  succession. 


THIRTY-SEVENTH  REPORT— SHEFFIELD,  MMO. 

APPENDIX. — Order  in  Council  relating  to  Electrical  Standard*, 
dated  January  10,  1910. 

THE  Report  of  the  International  Conference  on  Electrical  Units 
and  Standards  held  in  London  in  October  1908  was  printed  as  an 
Appendix  to  last  year's  Report. 

In  January  1910  the  Board  of  Trade  took  action  in  accordance 
with  the  recommendations  of  the  Report,  and  an  Order  in  Council 
relating  to  electrical  units,  dated  January  10,  which  contains  de- 
finitions of  the  English  standards  of  resistance,  current,  and  electro- 
motive force  in  conformity  with  the  definitions  adopted  by  the 
Congress,  has  been  issued.  This  is  printed  as  an  Appendix. 

In  accordance  with  a  scheme  approved  by  the  International 
Scientific  Committee  appointed  by  Lord  Rayleigh  at  the  London 
Conference,  international  co-operative  work  on  electric  standards 
has  this  year  been  carried  out  at  the  Bureau  of  Standards, 
Washington.  It  was  arranged  that  representatives  of  the  Bureau 
of  Standards,  the  Laboratoire  Central  d'^lectricite',  Paris,  the 
Physikalisch-Technische  Reichsanstalt,  Berlin,  and  of  the  National 
Physical  Laboratory  should  take  part  in  the  work.  The  represen- 
tatives of  the  Bureau  of  Standards  were  Professor  E.  B.  Rosa  and 
Dr  F.  A.  Wolff,  and  the  European  delegates  were  Professor  \V. 
Jaeger,  Professor  F.  Laporte,  and  Mr  F.  E.  Smith. 

Professor  S.  W.  Stratton  kindly  offered  the  facilities  of  the 
Bureau  of  Standards  for  the  investigation,  and,  in  his  capacity  as 
Treasurer  of  the  International  Committee,  was  able  to  secure  the 
funds  to  defray  expenses.  Towards  this  object  the  governing  bodies 
of  the  American  Institute  of  Electrical  Engineers,  the  National 
Electric  Light  Association,  the  Association  of  Edison  Illuminating 
Companies,  and  the  Illuminating  Engineering  Society,  most  gene- 
rously subscribed  £100  each.  Some  smaller  contributions  were 
also  received. 
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The  primary  object  of  the  meeting  was  to  determine  the  electro- 
motive force  of  the  Weston  normal  cell  in  terms  of  the  international 
units  of  resistance  and  current.  At  the  same  time  it  was  necessary 
to  clear  up  certain  outstanding  problems  on  the  standard  cell  and 
the  silver  voltameter.  Previous  to  the  meeting  a  great  deal  of 
experimental  work  had  been  done  at  each  of  the  four  institutions, 
and  the  results  obtained  were  compared  before  deciding  on  a 
programme  of  experimental  work. 

The  European  delegates  took  with  them  from  their  own 
laboratories  a  considerable  quantity  of  apparatus  and  chemicals, 
together  with  standards  of  electromotive  force,  resistance,  and 
mass.  The  results  of  the  meeting  are  very  valuable,  and  a  full 
report  is  in  process  of  preparation. 

Another  careful  research  on  the  silver  voltameter  has  been 
made  during  the  year  by  Professor  F.  Laporte  at  the  Laboratoire 
Central  d'Electricite.  Professor  Laporte  shows  that  the  result 
obtained  in  1908  by  Professors  Janet,  de  la  Gorce,  and  himself, 
is  subject  to  an  appreciable  error,  owing  to  the  use  of  silver  nitrate, 
now  known  to  be  impure.  With  carefully  prepared  nitrate,  and 
using  the  Rayleigh  form  of  voltameter,  he  obtains  1*11829  milligram 
per  coulomb  for  the  electro-chemical  equivalent  of  silver,  the  current 
being  measured  in  terms  of  the  Weston  cell  as  1 '01 830  volts  at 
17°  C.  and  the  international  ohm  as  realised  at  the  National 
Physical  Laboratory.  The  unit  of  current  was,  therefore,  the  same 
as  that  used  by  Smith,  Mather,  and  Lowry  in  1908,  arid  the  value 
for  the  electro-chemical  equivalent  found  by  Professor  Laporte 
is  in  very  close  agreement  with  the  value  1'11827  obtained  by 
the  British  investigators. 

The  General  Committee  at  Winnipeg  accepted  the  recommen- 
dation of  the  Council  and  the  Committee  of  Section  A  in  favour 
of  the  republication  of  all  the  Reports  of  the  Electrical  Standards 
Committee.  Suitable  arrangements  for  the  work  have,  therefore, 
been  made,  and  the  material  is  now  with  the  printer,  but  in  con- 
sequence of  the  absence  of  Mr  F.  E.  Smith  in  America,  and  the 
work  of  preparation  required  for  this,  progress  has  necessarily  been 
slow. 

With  regard  to  progress  in  electrical  standardising  work  at  the 
National  Physical  Laboratory,  the  Lorenz  apparatus  is  practically 
complete,  and  some  preliminary  electrical  measurements  will,  it  is 
hoped,  be  made  in  October  of  the  present  year. 
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The  Ayrton- Jones  current  balance  continues  to  work  most 
satisfactorily ;  small  and  gradual  changes  in  E.M.F.  of  Weston  cells, 
amounting  to  less  than  thre>e  parts  in  100,000  have  been  detected 
by  its  aid. 

The  results  of  the  investigation  on  cadmium  amalgams  at  the 
National  Physical  Laboratory  were  incorporated  in  a  paper  read 
before  the  Physical  Society  last  February.  It  may  be  useful  to 
give  here  the  limits  of  temperature  between  which  various  amalgams 
may  be  most  usefully  employed  in  the  Weston  normal  cell : 

Percentage  of 
cadmium  in  the 

amalgam  Lower  limit  Upper  limit 

6  Below  0°  C.  About  27'7°  C. 

7  „  „      34-6 

8  „  „       41-0 

9  „  „       46-0 

10  „  „       51-0 

11  About  0°C.  „      56-0 

12  „  8-7°  C.  „      60-0 
12J  „  12-1  Above  60-0 

13  „  161  „      60-0 

14  „  24-0  „      60-0 

15  „  32-5  „       60-0 

The  degree  of  reproducibility  which  is  now  obtainable  with  the 
Weston  cell  far  surpasses  what  it  was  five  years  ago.  At  the 
National  Physical  Laboratory  sixty-seven  cells  were  tested  in 
1909,  and  of  these  sixty  agreed  with  the  Laboratory  standards 
within  one  part  in  ten  thousand.  What  is  not  understood  at 
present  is  the  occurrence  of  strange  hysteresis  effects  in  a  few 
cells.  The  E.M.F.  of  such  cells  may  be  normal  at  first,  but  changes 
comparatively  rapidly  with  time.  Indeed,  a  large  hysteresis  effect 
in  a  cell  appears  to  be  an  indication  that  the  E.M.F.  will  not  ivmnin 
constant  with  time,  whereas  its  absence  is  in  general  an  indication 
of  constancy. 

In  view  of  the  fact  that  the  republication  of  the  Reports  is 
not  yet  completed,  the  Committee  recommended  that  they  be 
reappointed,  that  Lord  Rayleigh  be  Chairman,  and  Dr  R.  T. 
Glazebrook,  Secretary. 
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APPENDIX. 

Order  in  Council  Relating  to  Electrical  Standards. 

At  the  Court  at  Buckingham  Palace,  January  10,  1910. 
Present,  the  King's  Most  Excellent  Majesty  in  Council. 

Whereas  by  the  "Weights  and  Measures  Act,  1889,"  it  is, 
among  other  things,  enacted  that  the  Board  of  Trade  shall  from 
time  to  time  cause  such  new  denominations  of  standards  for  the 
measurement  of  electricity  as  appear  to  them  to  be  required  for 
use  in  trade  to  be  made  and  duly  verified. 

And  whereas  by  Order  in  Council  dated  the  23rd  day  of 
August,  1894,  Her  late  Majesty  Queen  Victoria,  by  virtue  of  the 
power  vested  in  Her  by  the  said  Act,  by  and  with  the  advice  of 
Her  Privy  Council,  was  pleased  to  approve  the  several  denomina- 
tions of  standards  set  forth  in  the  Schedule  thereto  as  new 
denominations  of  standards  for  electrical  measurement. 

And  whereas  in  the  said  Schedule  the  limits  of  accuracy 
attainable  in  the  use  of  the  said  denominations  of  standards  are 
stated  as  follows : 

For  the  Ohm  within  one  hundredth  part  of  one  per  cent. 
For  the  Ampere  within  one  tenth  part  of  one  per  cent. 
For  the  Volt  within  one  tenth  part  of  one  per  cent. 

And  whereas,  at  an  International  Conference  on  Electrical 
Units  and  Standards  held  in  London  in  the  month  of  October, 
1908,  the  International  Electrical  Units  corresponding  with  the 
said  denominations  of  standards  were  defined  as  follows : 

The  International  Ohm  is  the  resistance  offered  to  an  un- 
varying electric  current  by  a  column  of  mercury  at  the  temperature 
of  melting  ice  14*4521  grammes  in  mass  of  a  constant  cross  sectional 
area  and  of  a  length  of  106*300  centimetres. 

The  International  Ampere  is  the  unvarying  electric  current 
which,  when  passed  through  a  solution  of  nitrate  of  silver  in  water, 
deposits  silver  at  the  rate  of  O'OOl  11800  of  a  gramme  per  second. 

The  International  Volt  is  the  electrical  pressure  which  when 
steadily  applied  to  a  conductor  whose  resistance  is  one  International 
Ohm  will  produce  a  current  of  one  International  Ampere. 

And  whereas  it  has  been  made  to  appear  to  the  Board  of  Trade 
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to  be  desirable  that  the  denominations  of  standards  for  the  measure- 
ment of  electricity  should  agree  in  value  with  the  said  International 
Electrical  Units  within  the  said  limits  of  accuracy  attainable. 

And  whereas  the  denominations  of  standards  made  and  duly 
verified  in  1894  and  set  forth  in  the  Schedule  to  the  said  Ord»-r  in 
Council  have  been  again  verified. 

And  whereas  the  Board  of  Trade  are  advised  that  the  said 
denominations  of  standards  agree  in  value  with  the  said  Inter- 
national Electrical  Units  within  the  said  limits  of  accuracy  attain- 
able, except  that  in  the  case  of  the  Ohm  the  temperature  should 
be  16'4  C.  in  place  of  15'4  C.  as  specified  in  the  Schedule  to  the 
said  Order  in  Council. 

And  whereas  it  has  been  made  to  appear  to  the  Board  of  Trade 
that  the  said  denominations  of  standards  should  be  amended  so 
that  the  aforesaid  exception  may  be  remedied. 

Now,  therefore,  His  Majesty,  by  virtue  of  the  power  vested  in 
Him  by  the  said  Act,  by  and  with  the  advice  of  His  Privy  Council, 
is  pleased  to  revoke  the  said  Order  in  Council  dated  the  23rd  day 
of  August,  1894,  and  is  further  pleased  to  approve  the  several 
denominations  of  standards  set  out  in  the  Schedule  hereto  as 
denominations  of  standards  for  the  measurement  of  electricity. 

ALMERIC  FITZROY. 


^SCHEDULE  ABOVE  REFERRED  To. 

'  I.     Standard  of  Electrical  Resistance. 

'A  standard  of  electrical  resistance  denominated  one  Ohm 
agreeing  in  value  within  the  limits  of  accuracy  aforesaid  with  that 
of  the  International  Ohm  and  being  the  resistance  between  the 
copper  terminals  of  the  instrument  marked  "  Board  of  Trade  Ohm 
Standard  Verified,  1894  and  1909,"  to  the  passage  of  an  unvarying 
electrical  current  when  the  coil  of  insulated  wire  forming  part  of 
the  aforesaid  instrument  and  connected  to  the  aforesaid  terminals 
is  in  all  parts  at  a  temperature  of  16'4C. 

'  II.     Standard  of  Electrical  Current. 

'A  standard  of  electrical  current  denominated  one  Ampere 
agreeing  in  value  within  the  limits  of  accuracy  aforesaid  with 
that  of  the  International  Ampere  and  being  the  current  which 
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is  passing  in  and  through  the  coils  of  wire  forming  part  of  the 
instrument  marked  "Board  of  Trade  Ampere  Standard  Verified, 
1894  and  1909,"  when  on  reversing  the  current  in  the  fixed  coils 
the  change  in  the  forces  acting  upon  the  suspended  coil  in  its 
sighted  position  is  exactly  balanced  by  the  force  exerted  by  gravity 
in  Westminster  upon  the  iridioplatinum  weight  marked  A  and 
forming  part  of  the  said  instrument. 

'III.     Standard  of  Electrical  Pressure. 

'A  standard  of  electrical  pressure  denominated  one  Volt  agreeing 
in  value  within  the  limits  of  accuracy  aforesaid  with  that  of  the 
International  Volt  and  being  one  hundredth  part  of  the  pressure 
which  when  applied  between  the  terminals  forming  part  of  the 
instrument  marked  "  Board  of  Trade  Volt  Standard  Verified,  1894 
and  1909,"  causes  that  rotation  of  the  suspended  portion  of  the 
instrument  which  is  exactly  measured  by  the  coincidence  of  the 
sighting  wire  with  the  image  of  the  fiducial  mark  A  before  and 
after  application  of  the  pressure  and  with  that  of  the  fiducial 
mark  B  during  the  application  of  the  pressure,  these  images  being 
produced  by  the  suspended  mirror  and  observed  by  means  of  the 
eyepiece. 

'  In  the  use  of  the  above  standards  the  limits  of  accuracy  attain- 
able are  as  follows : 

'  For  the  Ohm,  within  one  hundredth  part  of  one  per  cent. 
'  For  the  Ampere,  within  one  tenth  part  of  one  per  cent. 
'  For  the  Volt,  within  one  tenth  part  of  one  per  cent. 

'  The  coils  and  instruments  referred  to  in  this  Schedule  are 
deposited  at  the  Board  of  Trade  Standardising  Laboratory, 
8,  Richmond  Terrace,  Whitehall,  London.' 


THIRTY-EIGHTH  REPORT— PORTSMOUTH,  191 1. 

THE  Committee  have  to  regret  the  death  since  the  last  meeting 
of  the  Association  of  Dr  G.  Johnstone  Stoney,  F.R.S.  He  had 
been  a  member  since  1861,  and  up  to  a  few  years  since  continued 
his  active  interest  in  the  work.  In  its  earlier  stages  his  skill  in 
definition  and  his  admirable  choice  of  nomenclature  had  proved 
invaluable  to  the  Committee.  The  collected  Reports  which  are 
to  be  issued  shortly  will  indicate  how  large  a  share  in  the  establi>h- 
ment  of  the  C.G.S.  system  of  units  is  due  to  him. 

Republication  of  Reports. — The  republication  of  the  Reports 
is  not  yet  completed,  but  this  should  be  done  within  the  present 
year.  The  proofs  of  the  Reports  from  1862  to  1883  have  been 
finally  revised  and  the  remaining  proofs  will  soon  be  .ready. 

Lorenz  Apparatus. — The  progress  made  has  been  satisfactory. 
Preliminary  experiments  have  shown  that  the  apparatus  is  un- 
influenced by  changes  in  the  earth's  magnetic  field  and  that  the 
thermal  E.M.F.S  at  the  brushes  on  the  two  discs  very  nearly  balance. 
With  the  form  of  brush  in  use  at  present  there  are  sudden  changes 
in  the  difference  of  the  thermal  E.M.F.S  amounting  to  2xlO~7  volt, 
and  it  may  be  difficult  entirely  to  eliminate  these.  With  other 
forms  of  brushes,  e.g.,  those  made  of  gauze,  the  difference  was  often 
1,000  times  as  great.  It  was  this  difficulty  which  led  Lord  Rayleigh 
in  1883  to  amalgamate  the  edge  of  the  disc,  and  as  a  further  im- 
provement Professor  Viriamu  Jones  and  Professor  Ayrton  used 
mercury  jets  instead  of  brushes.  Since  in  the  present  apparatus 
the  changes  are  only  1  in  10,000  of  the  difference  of  potential 
produced  in  one  arrangement  of  the  brushes  and  less  for  a  second 
arrangement,  it  is  hoped  that  mercury  contacts  will  not  be  necessary. 
Further  experiments  will  be  made  in  order  to  obtain  greater 
perfection  if  such  is  possible. 

Resistance  Standards. — The  construction  of  new  mercury  stan- 
dards of  resistance  in  accordance  with  the  specification  of  the 
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London  Conference  is  being  proceeded  with,  and  some  of  the 
standards  will  be  completed  this  year.  Similar  work  is  in  progress 
in  France,  in  Germany,  in  Austria,  and  in  the  United  States.  In 
the  latter  country  four  standards  have  had  all  of  their  constants 
determined,  and  the  resistance  unit  so  obtained  is  in  very  close 
agreement  with  that  obtained  from  the  old  National  Physical 
Laboratory  standards. 

In  the  Committee's  Report  for  1908  it  was  shown  that  many 
manganin  resistance  coils — some  of  which  were  purchased  by  the 
Committee  in  1895 — were  very  changeable  in  resistance,  and  in 
consequence  frequent  comparison  with  mercury  standards  was 
necessary.  In  1908  it  was  shown  at  the  Bureau  of  Standards, 
and  confirmed  at  the  National  Physical  Laboratory  and  at  the 
Reichsanstalt,  that  these  changes  were  largely  due  to  the  effect 
of  moisture  on  the  shellac  covering  the  wire.  To  eliminate  this 
source  of  trouble,  many  of  the  coils  were  hermetically  sealed  in 
1909,  and  it  is  satisfactory  to  record  that  they  are  now  much  more 
constant.  The  importance  of  this  hermetical  sealing  is  so  great 
when  manganin  resistances  are  to  be  sent  to  such  places  as  cable 
stations  in  the  tropics  that  the  attention  of  instrument  manu- 
facturers is  drawn  to  the  matter.  Standard  coils  are  readily  sealed 
and  boxes  of  coils  may  be  sealed  in  metal  cases.  The  following 
figures  for  standard  coils  of  manganin  show  the  advantage  of 
hermetical  sealing. 


Nominal  value 

100 

Dhms 

1,000  ohms 

10,000  ohms 

No.  2450 

No.  740 

No.  2449 

No.  2448 

/Oct.    1903 

99-9959 

1,000-153 

1,000012 

10,000'24 

1904 

100-0002 

•17| 

•244 

2'40 

Open  coils       j           ^05 

•0048 
•0092 

•218 

•248 

•494 

3'57 

3'82 

1907 

•0132 

•266 

•814 

3-74 

V           1908 

•0288 

'302 

1-130 

3-85 

Hermetically  f  June  1909 
sealed      in  ]           1910 
paraffin  oil  [           1911 

•0369 
•0384 
•0399 

•366 
•867 

•359 

1'069 

5'53 
5'56 
5-6! 

It  will  be  noted  that  the  changes  during  the  last  three  years 
are  very  small. 
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Silver  Voltameter  and  Standard  Cell. — Although  the  actions 
which  take  place  when  a  current  passes  through  a  solution  of 
silver  nitrate  in  a  voltameter  are  now  well  understood,  the  effects 
of  septa — such  as  silk,  filter  paper,  and  porous  porcelain — are  by 
no  means  clear,  and  experiments  have,  therefore,  been  made  to 
decide  whether  any  septum  at  all  should  be  used  in  a  voltameter. 
Such  experiments  were  suggested  at  the  Washington  Meeting  in 
1910.  The  results  of  the  experiments  made  at  the  National  Physical 
Laboratory  indicate  that  a  septum  of  any  kind  is  usually  a  source 
of  trouble,  and  may  produce  secondary  reactions  during  the  electro- 
lysis which  affect  the  weight  of  the  silver  deposit.  Fortunately, 
voltameters  have  been  designed  which  render  a  septum  unnecessary, 
and  these  may  be  useful,  not  only  in  precise  current  measurements 
with  the  silver  voltameter,  but  for  the  deposition  of  metals  other 
than  silver. 

The  reproducibility  and  constancy  of  the  Weston  normal  cell 
are  still  being  carefully  examined.  The  chief  anomaly  is  the 
hysteresis  effect  mentioned  in  last  year's  Report:  for  this  effect 
we  have  no  explanation  although  one  is  much  needed,  as  probably 
it  would  enable  cells  to  be  made  so  as  to  remain  even  more  constant 
in  E.M.F.  than  at  present.  It  is  necessary  to  point  out  that  while 
the  effect  is  called  a  hysteresis  one,  the  E.M.F.  does  not  lag  behind 
the  temperature.  Briefly  put,  with  ascending  temperatures  the 
E.M.F.  changes  in  close  agreement  with  the  temperature — E.M.F. 
formula,  but  with  descending  temperatures  the  E.M.F.  changes  too 
rapidly,  corresponding  to  values  at  temperatures  lower  than  the 
temperature  of  the  cell,  by  from  3°  to  15°  C. 

The  Committee  had  hoped  to  have  made  this  their  last  Re} 
but  in  view  of  the  fact  that  the  republication  is  not  complete  they 
ask  for  reappointment,  with   Lord   Rayleigh   as   Chairman   and 
Dr  R.  T.  Glazebrook  as  Secretary. 


THIETY-NINTH    KEPORT— DUNDEE,   1912. 

IT  was  understood  at  the  last  meeting  of  the  Committee  that 
when  the  republication  of  the  Reports  was  complete  the  Committee 
would  not  ask  for  reappointment.  The  Reports  from  1861  to  1911 
inclusive  have  now  passed  through  the  press,  and  it  is  intended 
that  this,  the  1912  and  final  Report  of  the  Committee,  should 
conclude  the  reprints,  which  will  be  on  sale  in  the  autumn  of  the 
present  year. 

It  seems  desirable,  however,  that  the  Committee  should  remain 
in  existence  until  all  questions  connected  with  the  republication 
are  determined,  and  accordingly  they  ask  for  reappointment. 

With  regard  to  absolute  measurements  we  have,  as  the  direct 
result  of  the  work  of  members  of  the  Committee,  two  pieces  of 
apparatus  which  should  prove  equal  to  any  demand  for  precise 
measurements  in  the  absolute  system  for  very  many  years. 

A  report  of  the  British  Association  Ayrton-Jones  current 
balance  appeared  in  1908,  and  it  was  stated  at  that  time  that  the 
probable  error  associated  with  a  determination  of  current  in 
absolute  measure  was  about  2  parts  in  100,000.  Since  then  the 
balance  has  been  used  on  several  occasions ;  it  continues  to  give 
satisfaction,  and  there  appears  to  be  no  reason  for  doubt  that  so 
far  as  the  absolute  measurement  of  current  is  concerned  an 
accuracy  within  at  least  5  parts  in  100,000  can  still  be  guaranteed. 
This  conclusion  is  greatly  strengthened  by  the  results  which  were 
communicated  to  the  Association  last  year  by  Dr  Dorsey  of  the 
Bureau  of  Standards,  Washington.  At  that  institution  Drs  Rosa 
and  Dorsey  have  made  experiments  with  a  new  current  balance, 
the  coils  of  which  are  arranged  in  a  manner  similar  to  those  used 
by  Joule  and  by  Lord  Rayleigh.  They  obtained  results  for  the 
electromotive  force  of  the  Weston  normal  cell  which  agree  with 
those  obtained  at  the  National  Physical  Laboratory  within  4  parts 
in  100,000.  Whether  this  represents  a  real  difference  in  the 
results  given  by  the  two  balances,  or  is  an  actual  difference  in 
the  E.M.F.'S  of  the  reference  cells  used  has  not  yet  been  decided. 
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With  regard  to  the  absolute  measurement  <>t  <  urn  nt  «  U- 
where,  a  current  weigher  has  been  built  at  the  Laboratoire 
Central  d'^lectricite',  Paris,  and  at  the  Reichsanstalt  further 
measurements  are  to  be  made  in  the  near  future.  It  will  be 
seen  therefore  that  the  absolute  measurement  of  current  is  on 
a  very  satisfactory  basis.  At  the  National  Physical  Laboratory 
no  efforts  will  be  spared  to  maintain  the  Ayrton-Jones  balance 
in  good  condition  and  to  obtain  results  equal  in  precision  to  those 
obtained  at  the  present  time. 

Turning  now  to  the  absolute  measurement  of  resistance.  For 
many  years  no  measurements  of  this  quantity  have  been  carried 
out,  but  at  the  present  time  the  Lorenz  apparatus  at  the  National 
Physical  Laboratory  and  other  apparatus  now  being  constructed 
at  Berlin  and  Washington  will  place  measurements  of  resistance 
in  a  position  equally  satisfactory  with  those  of  current.  The 
Lorenz  apparatus  is  now  being  employed  for  the  measurement 
of  resistance,  and  it  is  believed  that  the  probable  error  will  not 
exceed  two  parts  in  100,000.  This  satisfactory  state  of  affairs  is 
largely  due  to  the  design  and  size  of  the  apparatus  and  the  ease 
with  which  the  dimensions  of  the  coils  can  be  measured.  Many 
years  ago  Lord  Rayleigh  showed  that  it  was  not  necessary  to 
measure  accurately  the  diameter  of  the  coils  of  a  Joule  balance ; 
the  ratio  of  the  diameters  was  sufficient,  and  this  ratio  could  at 
any  time  be  obtained  by  measuring  the  ratio  of  two  currents.  In 
consequence,  with  a  Joule  balance  an  observer  is  not  handicapped 
in  his  measurements  by  the  results  of  linear  observations  which 
may  have  been  made  many  years  previously  and  which  may  be 
incorrect  owing  to  secular  change.  With  the  Lorenz  apparatus 
independence  of  previous  linear  measurements  has  been  secured 
by  winding  the  coils  with  bare  copper  wire  and  leaving  them  in 
this  condition.  This  enables  linear  measurements  to  be  made  at 
any  time  with  ease  and  with  precision. 

Referring  now  to  material  standards,  it  is  most  gratifying  to 
record  that  measurements  of  resistance,  of  current,  and  of  electro- 
motive force  are  now  made  on  the  same  basis  in  practically  all 
civilised  countries.  This  satisfactory  state  has  been  achieved 
within  the  past  four  years  and  is  a  direct  result  of  the  labours 
of  the  London  Conference  of  1908,  in  which  this  Committee  was 
so  largely  interested. 

As  is  well  known,  the  International  standard  of  resistance  is 
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that  of  a  specified  column  of  mercury,  and  that  of  current  depends 
on  measurements  with  the  silver  voltameter.  The  measurement 
of  electromotive  force  and  of  current  may  be  conveniently  made 
by  means  of  the  Weston  normal  cell. 

During  the  past  two  years  comparisons  of  resistance  coils  and 
of  standard  cells,  and  comparative  experiments  with  the  silver 
voltameter,  have  been  made  by  representatives  of  the  National 
Physical  Laboratory  and  the  standardising  laboratories  of  America, 
France,  and  Germany.  The  results  obtained  show  better  than 
any  formal  statement  the  remarkable  agreement  which  now  exists 
between  the  electrical  standards  of  the  four  countries  named. 

Table  I.  gives  the  results  of  measurements  made  at  the  Bureau 
of  Standards,  the  Reichsanstalt,  and  the  National  Physical  La- 
boratory, on  four  hermetically  sealed  resistance  coils  of  manganin. 
The  values  given  are  in  international  ohms  at  25°  C. 

TABLE  I. 


No.  of 

B.S. 

N.P.L. 

P.T.R. 

P.T.R. 

N.P.L. 

B.S. 

B.S. 

Maxi- 

Eesist- 

March 

April 

June 

Dec. 

Dec. 

Jan. 

June 

mum 

rKf 

Coil 

1911 

1911 

1911 

1911 

1911 

1912 

1912 

ference 

11 

1  -000053 

1  -OOOOSa 

1  -000042 

1-000037 

1-000050 

1-000053 

1-000049 

o-ooooie 

12 

1  -000055 

1-000053 

1  -000043 

1-000038 

l-00005i 

1-000054 

1-00005! 

0'000017 

3939 

1-000099 

1  -000100 

1  -000087 

1  -000083 

1-000100 

1-000098 

1-000100 

0-000017 

3940 

1-000098 

l-OOOlOo 

roooo88 

1  -000085 

l-OOOlOo 

1-000099 

1-00010! 

0-000016 

Table  II.  gives  the  results  of  measurements  of  the  E.M.F.  of  the 
Weston  normal  cell.  The  measurements  were  made  at  Washing- 
ton by  representatives  of  the  Bureau  of  Standards,  the  Reichs- 
anstalt, the  Laboratoire  Central  d'Electricite,  and  the  National 
Physical  Laboratory.  The  current  was  measured  by  means  of 
silver  voltameters  of  various  types  and  capacities,  and  the  electro- 
lytes were  from  various  sources.  In  the  opinion  of  some  of  the 
experimenters  certain  forms  of  the  voltameters  were  untrust- 
worthy and  some  of  the  electrolytes  were  known  to  be  impure. 
The  agreement  of  the  various  means,  while  being  very  satisfactory, 
is  not  therefore  a  true  indication  of  the  reproducibility  of  the 
silver  voltameter.  To  give  an  idea  of  'this  reproducibility  the 
results  obtained  at  Washington  with  a  non-septum  form  of 
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voltameter,  designed  at  the  National  Physical  Laboratory,  are 
given  in  Table  III.  The  results  of  one  expo-rim. -ut  ..M|V  have 
been  omitted  and  in  that  the  current  was  unusually  unsteady. 


TABLE  II. 


Date,  1910 

Number  of 
Voltameters 

Calculated  E.M.F. 
of  Weston  Normal 

Difference 
from  Mean. 

in  Circuit 

Cell  at  20°  C. 

1  x  10-» 

April  14 

4 

i$U 

-6 

ii      15 

8 

33 

-2 

ii      18 

4 

27 

-4 

„     20 

8 

31 

0 

ii     22 

4 

29 

-2 

„     26 

8 

37 

+  6 

„     28 

4 

32 

+  1 

»     30 

5 

34 

+  3 

May      2 

7 

37 

+  6 

ii       3 

5 

36 

+  5 

55              5 

8 

35 

-1-4 

,,       7 

8 

28 

-a 

„     12 

6 

30 

-i 

„     19 

4 

26 

-5 

Mean  =  1-01 831. 

TABLE  III. 
Results  at  Washington  with  N.P.L.  Non-septum  Voltameter. 


Calculated  E.M.F. 

Difference 

Date,  1910 

of  Weston  Normal 

from  Mean. 

Cell  at  20°  C. 

1  x  10~5 

April  15 

1-01831 

+  2 

,,      15 

28 

-1 

,     20 

31 

+  2 

,     20 

28 

-1 

,     30 

31 

+  2 

May     2 

27 

-2 

,       5 

28 

-1 

,      12 

25 

-4 

Mean  =  1-01829. 

Table  IV.  gives  the  results  of  measurements  on  a  number  of 
Weston  normal  cells.  The  values  given  are  the  differences  in 
microvolts  between  the  E.M.F.'S  of  the  cells  and  the  reference 
standards  of  the  various  laboratories. 
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TABLE  IV. 
Differences  in  Microvolts. 


Stand. 
Cell  No. 

B.S. 
June  and 
July  1911 

N.P.L. 

Aug. 
1911 

P.T.R. 
Sept.  and 
Oct.  1911 

N.P.L. 
Oct. 
1911 

L.C.E.    N.P.L. 
Oct.    Nov.  and 
1911   Dec.  1911 

B.S. 
Jan. 
1912 

262 

-  6 

-  70 

-  80 

-60 

267 

41 

— 

0 

— 

— 

— 

— 

268 

37 



-  15 

— 

— 

— 



51 

-58 

— 

-  70 

— 

-  30 

— 

— 

32 

-69 

— 

-115 

— 

-130 

— 

— 

301 

-24 

-  5 

-  30 

— 

-  15 

— 

-40 

304 

19 

23 

0 

— 

0 

— 

7 

309 

-36 

-27 

-  45 

— 

-  20 

— 

-56 

310 

0 

-  4 

-  25 



-  10 



-44 

Al 

-13 

-12 

-  15 

— 

-  10 

— 

-22 

43 

2 

3 

-  30 

— 

5 

— 

0 

44 

0 



-  15 

-  7 

— 

— 

-  1 

19 

-27 



-  45 

-30 

— 

— 

-28 

22 

-31 



-  40 

-29 



— 

-30 

238 

-  2 

— 

20 

52 

— 

— 

-10 

350 

-24 

— 

-  20 

1 

— 

— 

-24 

352 

-31 



-  45 

-30 

— 

— 

-30 

133 

— 

— 



— 

30 

— 

34 

142 

— 

— 

— 

— 

30 

— 

33 

1-3 

— 

— 

— 

— 

— 

-  6 

-  5 

1-33 

— 

— 

:  — 

— 

— 

-16 

-16 

17 

— 

— 

— 

— 

— 

-  5 

-  8 

The  Committee  feel  that  these  results  are  sufficient  to  show 
that  the  primary  objects  for  which  they  were  appointed  have  been 
achieved,  and  that  the  present  position  of  electrical  standards — as 
outlined  in  this  Report — is  very  satisfactory. 

With  a  view  to  completing  the  business  arrangements  con- 
nected with  the  republication,  the  Committee  recommend  that 
they  be  reappointed,  that  Lord  Rayleigh  be  Chairman  and 
Dr  R.  T.  Glazebrook  Secretary. 
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576,  577,  581,  589,  590,  592,  593,  594, 
595,  603,  608,  614,  627,  663,  744,  765 

Joule,  Dr  J.  P.  5,  44,  63,  66,  74,  111, 
130,  165,  195,  198,  229,  256,  288,  541, 

562,  563,  565,  566,  768,  769 

Kahle,  Dr  434,  438,  450,  462,  463,  464, 
518,  660 

Kahlenberg  609 

Karmarsch  19 

Kelvin,  Lord  2,  3,  5, 6, 9, 10, 11, 14, 21,  26, 
33,  34,  46,  54,  59,  64,  66,  67,  69,  70, 
72,  74,  76,  77,  98,  101,  111,  112,  114, 
120,  122,  123,  125,  126,  128,  132,  137, 
141,  147,  163,  165,  169,  190,  195,  202, 

203,  204,  219,  256,  258,  271,  273,  274, 
276,  280,  281,  282,  284,  285,  296,  297, 
299,  339,  340,  360,  385,  423,  469,  509, 
564,  565,  566,  712,  716,  745 

Kenelley,  Dr  650 
King,  W.  F.  271 
Kirchhoff,  Prof.  G.  12,  16,  37,  39,  45, 

47,  281 
Kohlrausch,  Prof.  F.  118,  276,  358,  437, 

563,  603 

Kopp,  Hermann  165,  281 
Kreichgauer,  Dr  449 
Kusminsky,  Dr  L.  751,  757 

Landry,  Dr  Jean  750,  752 

Langsdorf  280 

Laporte,  Prof.  F.  759,  760 

Le  Chatelier,  Prof.  542,  549 

Leduc,  Dr  S.  486 

Lenz,  H.  F.  E.  278 

Leyser  45 

Lindeck,  Dr  St.  434,  435,  440,  461,  462, 

630,  677,  717,  738,  747,  757 
Lippmann,  Prof.  G.  751,  757 
Lockyer,  Sir  J.  Norman  573 
Lodge,  Sir  Oliver  J.  520,  532,  533,  534, 

537,  538 
Lorenz  419,  478 
Lowry,  Dr  T.  M.  713,  760 
Lummer,  Dr  Otto  486 

Madariaga,  Prof.  J.  Ma.  de  750,  752 
Mallory,  F.  561 
Marie-Davy,  280,  281 
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t,  prof.  K.  :i'_jn.  ;.    n;i;, 

186, 
M:ith.-r,  Prof.  T.  570,  572,  574,  ,575,  589, 

r.f.2,  663,  675,  G97,  699,  70t>,  7tr_»,  710, 

7(50 

Mittt.-ueci,  Prof.  C.  47 
Matthey,  G.  593,  602,  607,  608 
M.ittliiessen,  Dr  A.  8,  10,  11,  12,  14,  16, 

21,  24,  28,  33,  42,  43,  46,  47,  4'.i.  7~>. 

76,   79,   82,  162,  163,  164,  165,   in.,. 

167,  170,  190,  191,  192,  193,  195,  199, 

211,  284,  286,  287,  294,  305,  3l:i,  :M3. 

344,  349,  351,  354,  355,  356,  359,  364, 

365,  397,  398,  399,  403,  40.",.   lor,,  -ins, 

409,  410,  411,  501,  502,  503,  506,  507, 

508,  520,  621,  626,  629,  714,  717,  719 
Maxwell,  Prof.  J.  Clerk  59,  73,  86,  140, 

161,  166,  256,  271,  274,  283,  284,  306, 

373 

Mendenhall,  Dr  T.  C.  485,  489 
Miculescu  541,  563 
Miller.  Prof.  W.  H.  46 
Montenegro,  Prof.  A.  750,  752 
Moorby  563,  617 
Muirhead,  Dr  Alex.  294,  318,  324,  341, 

360,  365,  373,  374,  379,  386,  387,  389, 

390,  425,  434,  466,  484,  501,  520,  613, 

653 

Mundella,  Rt.  Hon.  A.  J.  467 
Myers  609 

Natanson,  Prof.  547 

Nerville,  Dr  T.  de  750,  751 

Neumann,  Prof.  39,  47 

Nichols,  Prof.  Dr  E.  L.  485,  489,  542, 553 

Nicholson  203 

Noble,  Sir  Andrew  592,  603 

Ohm,  G.  S.  277,  278 
Olszewski,  Prof.  Dr  K.  542,  547 
Ostwald,  Prof.  Dr  W.  542,  544 

Palaz,  Prof.  A.  487 
Parker,  Thos.  424 
Parker  480 

Paschen,  Prof.  Dr  F.  545 
Peel,  C.  L.  510 
Perry,  Prof.  J.  649,  664 
Planck,  Prof.  Dr.   W.   542,  545 
Poggendorff,  Prof.  J.  C.  47 
Potier  et  Pellat,  Profs.  437 
Pouillet,  C.  S.  M.  47,  278 
Preece,  Sir  Wm.  H.  340,  342,  360,  423, 
465,  469,  486,  509,  614 

Ramsay,  Sir  W.  549 

Rayleigh,  Rt.  Hon.  Lord  293,  296,  318, 
319,  321,  322,  324,  325,  330,  345,  354, 
380,  419,  423,  434,  437,  438,  439,  452, 
453,  462,  469,  491,  509,  518,  563,  564, 
576,  577,  589,  592,  593,  604,  608,  615, 
627,  636,  650,  651,  665,  672,  676,  677, 
690,  691,  700,  714,  716,  720,  727,  728, 


748,  757,  769, 761,  766,  767, 
768,  769, 

it     II     V.    166,   281,   689.  648, 

Ronnie,  J.  488,  484,  499 
Reynolds,  668,  ' 
Rhodes,  W.  G.  670, 
Rhodin  503,  504,  506 
Roberts- Austen,  Sir  Wm.  593 

.  Prof.  A.  752,  757 
Rosa,  Prof.  Dr  K.I.   U.    71'i,   717,  767, 

709,  768 

Rose-Innes,  Jno.  666 
Roux,  410 

Rowland,   Prof.  H.   A.   485,   487,   489, 
-.41,  542,  643,  646, 668,  666,  661, 

558,  559,  561,  563,  571,  608 

Sabine  76,  170 

Sahulka,  Dr  Johann  487 

Salvioni  420,  421 

Saunder,  319,  343,  719,  720 

Schrader,  A.  486 

Schuster,  Prof.  Dr  293,  296,  484,  487, 

438,  453,  541,  561,562,  563,  608,  611, 

677,  679 

Searle,  Dr  G.  F.  C.  378,  379,  380 
Shaw,  W.  N.  326,  331,  417,  539,  643, 

555 

Sbimidzu  648,  653 
Sidgwick,  Mrs  714,  727,  728 
Siemens,  Alex.  486 
Siemens,  C.  W.  199,  203,  205,  209,  210 
Siemens,  Dr  Werner  2,  7/8,  9,  12, 13,  16, 

28,  30,  32,  39,  44,  45,  47,  74,  7- 

164,  165,  170,  192,  193,  280,  281,  286, 

419 

Siemens,  Lieut.  Werner  280 
Skinner,   S.   365,   411,   423,  434,   438, 

607,  608,  609,  610 
Smith,  F.  E.  612,  620,  621,  622,  623, 

i.'-M,  627,  636,  647,  648,  651,  663,  665, 

666,  674,  676,  697,  699,  700,  71- 

714,  716,  759,  760 
Smith,  Willoughby  201,  274 
Smyth,  Prof.  Piazzi  255 
Solomon,  M.  576,  581 
Stewart,  Prof.  Balfour  59,  72,  140,  165, 

174,  175,  281 
Stoney,  Dr  G.  Johnstone  423,  520,  538, 

765 
Stratton,  Prof.  Dr  8.  W.  750,  751,  757, 

759 

Strecker  419.  421 
Swan,  502,  503,  504,  506 
Sweiitorzet/ky,  Dr  L.  750,  752 
Swinburne,  J.  648,  651,  656,  667 

Tail,   Prof.   R.  (i.   •»:, 
Taylor,  Herbert  A.  294,  305,  317,  318, 
356,  358,  359,  368,  371,  406,  686, 
730 
Teddersen,  Dr  45 
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Thompson,  Prof.  Dr  Silvanus  P.  423, 

424,  486 

Thomson,  Prof.  Elihu  485,  489 
Thomson,  Prof.  Sir  Jos.   J.  331,  373, 

379,  380,  680,  750,  751 
Thomson,    Prof.    Sir    Wm. — see    Lord 

Kelvin 

Thury,  Rene  487 
Tinsley,  H.  702 
Tomlinson,  H.  324,  423 
Trotter,  A.  P.  622,  647,  661,  700,  713, 

750,  752,  757 
Trouton,  Prof.  729,  730 
Twyman  571 

van  der  Kolk,  Schroder  81 

Varley,  C.  F.  162,  194,  201,  203,  204, 

280 

Vater,  Dr  J.  750,  752 
Violle,  Prof.  T.  486 
Vogt,  Dr  C.  17,  18,  28,  82,  86,  169 
Voit,  Prof.  Dr  Ernst  486 
Von  Bose  24,  28 
Von  Helmholtz,  Hermann  L.  F.  59,  64, 

69,  114,  210,  434,  435,  438,  465,  467, 

476,  486,  487,  488 


Von  Lang,  Prof.  Viktor  750,  751 
Von  Tunzelmann,  G.  W.  304 

Waidner,  C.  W.  561 

Walker,  E.  0.  483,  484,  501,  520 

Warburg,  Prof.  E.  751,  757 

Weber,  Prof.  Fr.  H.  752,  757 

Weber,  Prof.  W.  1,  2,  3,  4,  5,  6,  9,  10, 
13,  38,  39,  43,  44,  45,  46,  59,  64,  65, 
69,  70,  74,  112,  114,  118,  125,  140, 
141,  208,  276,  280,  281,  282,  283,  284 

Wennman,  487 

Werner,  609 

Weston,  Dr  444,  445 

Weuilleumeier  437 

Wheatstone,  Prof.  Chas.  2,  46,  47,  203, 
278 

WTiipple,  Eobt.  S.  602,  604 

Wilberforce,  L.  E.  423,  434 

Williamson,  Prof.  A.  W.  8,  10,  14,  16, 
24,  44,  46 

Wilson,  H.  330 

Wilson,  W.  N.  591 

Witkowski,  Prof.  547 

Wolff,  Dr  F.  A.  667,  702,  759 

Wiilmer,  Prof.  Dr  542,  546 
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"Abs"  (prefix)  650 
Absolute  condenser  121,  122 

electrometer  123,  203,  233,  234,  239, 

249,  253,  271,  272,  273 
measurement  of  resistance  140,  296, 

489,  567,  700,  769 
measurement  of  current,  see  Ampere 

balance  and  current  weigher 
permeability  or  inductivity  525 
resistance  of  mercury  419,  420,  421, 
422,  436,  437,  489,  494,  574,  576, 
577 

standard  of  light  361,  362 
system  5,  59,  61,  65,  288,  551,  768 
"Abstat"  650 
Accumulator  361,  363 
Air  condenser  200,  294,  324,  340,  360, 
363,  365,  373,  382,  385,  396,  422, 
458,  607,  613 
Air,  specific  heat  of  556 
Alloy,  Wood's  cadmium  180 

dental  312 
Amalgam,  cadmium  659,  667,  672,  707, 

710,  742,  745,  756,  761 
zinc  450,  455,  659,  660 
Ampere,  definition  of  425,  426,  429,  435, 
464,  468,  469,  470,  487,  510,  512, 
590,  698,  701,  703,  704,  713,  741 
753,  755,  762 

balance      (Ayrton  -  Jones      Current 
Weigher)  576,  589,  603,  608,  614, 
627,  647,  661,  666,  675,  697,  700, 
713,  744,  761,   768 
Board  of  Trade  713,  714,  764 
International  488,  489,  675,  697,  701, 
702,  703,  712,  716,  738,  739,  741, 
749,  753,  754,  757,  762,  763 
"Ance"  (termination)  521 
Apparatus,  Lorenz  478,  482,  567,  614, 
698,  699,  716,  744,  760,  765,  769 
Atmospheric  electricity  231,  242.  -Jol. 

255 
Ayrton-Mather  galvanometer  572 

"B,"  induction  density  522,  523,  -VJ4. 
525,  530,  537 

B.A.  unit  see  Ohm 

Bain's  electrochemical  telegraph  instru- 
ment 480 


Balance,    Ayrton  -  Jones,    tee    Ampere 

balance 
Kelvin  590 

Wheatstone's  7:*.  111.  171,  190,205, 
258,  285,  gee  also  Bridge,  Wheat- 
stone's 

Battery,  Daniell's,  gee  Cell,  Daniell's 
Grove's  275 
Leyden  252,  273 
Bennet's  doubler  228 

gold  leaf  electroscope  254,  376 
Board  of  Trade   Ampere,  get  Ampere, 

Board  of  Trade 
Ohm  510,  573,  574,  575,  591,   714, 

763 
Unit  620,  622,   623,   624,   634,   635 , 

636 

Volt  714 

Bohnenberger's  electroscope  •_•'•  I 
Bridge,  Carey-Foster  582,  583,  687 
Fleming  320,  323,  344,  400,  402,  434, 

676 
Kelvin  double  678,  680,  682,  683,  685, 

688,  692,  694 

Wheatstone's,     see     also      Balance, 

Wheatstone's    50,    Hit.    :f.':i.    399, 

440,  449,  460,  476,  497,  680,  688, 

719 

British  Association  scale  of  temperature 

596 

British  Association  unit,  see  Ohm 
Bunsen's  cell  171 

Cable,  submarine  5,  117,  201,  202,  279 

Cadmium  alloy,  see  Alloy,  cadmium 
amalgam,  see  Amalgam,  cadmium 
cell,  see  Cell,  Weston  normal 

Calor  ."it; 

Calorie  ">n.  '.IT,  560,  616,  617,  618,  619 

Candle  as  unit  of  light  361 . 

Capacity  109,  ll'i.  IIS, 

specific  inductive  129,  130,  20-' 

standard  of  293,  294,  295,  31- 
340,  607,  615 

unit  of  199,  I  -'92,  488 

Carey  Foster  bridge,  tee  Bridge,  Carey 

Foster 
Cell,  Bunsen's,  gee  Bunsen's  cell 
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Cell,  cadmium,  see  Cell,  Weston  normal 
Cell,  Clark's: 
definition  of  430 

depolariser  of  430,  450,  514,  651 
E.M.F.    of  116,  423,   427,    438,   453, 
469,  476,  488,  552,  563,  661,  699 
preparation  of  430,  513,  516 
temp.-coef.  of  439,  452 
type  of  431,  439,  450,  454,  462,  515, 

518,  651,  660 

Cell,  Darnell's  5,  13,  14,  44,  46,  62,  116, 
122,  137,  147,  200,  202,  205,  213, 
219,  231,  246,  251,  259,  262,  265, 
294 

Cell,  Hellesen's  501 
Cell,  Leclanche  332,  400,  498 
Cell,  Weston  normal: 

amalgam  of  667,  707,  761 
definition  of  707 

depolariser  of  648,  651,  670,  708 
E.M.F.  of  698,  743,  771,  772 
hysteresis  of  761,  767 
international  experiments  with  771 
preparation  of  666,  707,  742,  756 
temp.-coef.  of  711,  743,  757 
type  of  672,  743 
Cell,  Weston  cadmium,  see  Cell,  Weston 

normal 

Cheval-vapeur  551 
Coaxial    helices,    mutual    induction   of 

592,  593 

Coefficient  of  induction  361,  362,  489, 

521,  526,  527,  528,  529,  530,  534, 

535,  536,  537,  570,  571,  590,  593 

Coils,  resistance: 

of  German  silver,  see  German  silver 

resistances 

of  gold,  see  Gold  resistances 
of   manganin,    see    Manganin   resist- 
ances 

of  platinum,  see  Platinum  resistances 
of  platinum-silver,  see  Platinum-silver 

resistances 
of     platinum-iridium,    see    Platinum 

iridium  resistances 
Condenser,  absolute  121,  122 
air,  see  Air,  condenser 
mica  201,  212,  214,  219,  365,  374,  377, 
384,  385,  386,  388,  391,  392,  393, 
394,  396,  459 
paraffin  385,  387 
standard  294,  365,  458,  466,  624 
Conductance  521 

Conducting  power,  specific  129,  305 
Constantan  alloy  444 
Constant  "v"  202,  204,  276,  379 
Copper-nickel     manganese    alloy,     see 

Manganin 
Copper,  specific  resistance  of  360,  364, 

365,  397,  483,  484,  502,  626 
standard  74,  287,  626,  646 
temp.-coef.  of  resistance  of  365,  399, 
405,  408,  504,  646 


Coulomb  339,  521,  524,  525,  706,  760 

International  488 
Current  balance,  see  Ampere  balance 

weigher,  Joule's  256 

effective  361,  362,  363 

International  unit  of,  see  Ampere 
International 

mean  361,  362 

weigher,  see  Ampere  balance 

Daniell's  battery,  see  Cell,  Daniell's 
Declination,  magnetic  152 
Declinometer  157 
Density,  electric  128,  242,  247 
Dental  alloy,  see  Alloy,  Dental 
Derived  magnetic  units  133 

mechanical  units  132 
Dielectric  127,  129,  194,  200,  390 
Differential  galvanometer  20-5,  277,  449, 
681,  682,  683,  685,  690,  694,  695, 696 

inductance  536,  537 

resistance  measurer  285 

permeability  537 

permeance  538 

Dimensions,  table  of  electrical  133 
Divided  ring  electrometer  221,  222 
Doubler,  Bennet's,  see  Bennet's  doubler 

Nicholson's  revolving  228 
Dynamical  equivalent  of  heat  256 

Earth's  magnetism  67,  70,  73,  77,  109, 
147,  152,  154,  160,  212,  273,  297,298, 
301 

Earth-quadrant  526,  528 

Earth-reading   with    electrometer    245, 
246,  247,  248 

Effective  current,  see  Current,  effective 
electromotive  force  361,  362 

Electric  force,  resultant  128 

resistance  in  electrostatic  units  120 

Electrical  dimensions,  table  of  133 
potential,  definition  of  126,  127 
pressure,  standard   of  469,  511,  764 
pressure,  unit  of  509,  762 
quantity  97,  98,  99,  100,  108,  117 

Electricity,     atmospheric,     see     Atmo- 
spheric electricity 
statical  117,  122,  203,  234 

Electro-chemical   equivalents  130,  131, 

132,  137,  139 

-chemical  equivalent  of  silver  437, 
464,  564,  589,  591,  697,  713,  760 

dynamometer,  see  also  Ampere  balance 
78,  115,  165,  194,  204,  271,  292 

dynamometer,  Weber's  104,  105 

-magnetic  measure  112, 115,  116,  118, 
119, 120, 121,  124, 125, 131, 141, 281 

-magnetic  system  4,  5,  65,   70,    118, 

133,  134,  282,  425,  468,  650,  753 
Electrometer,    absolute  123,    203,    233, 

234,  239,  249,  253,  271,  272,  273 
attracted  disc  221 
classification  221 
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Electrometer,  divided  rin-,  ><•,    Divided 

ring  electrometer 
wing.*  203,  228 
heterostatic  238 
idiostatic-  2:is.  -j.VJ 
long  range  -J.VJ.  208 
portable  '2M,  -JUi.  :M8,  249,  251.  V2, 

253.  27:; 
quadrant  239,  251,  252,  255,  272,  427, 

469 

reflecting  123 
repulsion  221 
standard  249,  252,  272 
stationary  273 
symmetrical  221 
Electromotive  Force  (K.  M.  F. ) : 
chemical  affinity  of  131,  132,  166,  294 
dimensions  of  133,  134 
effective  361,  362 
electrostatic  measure  of  119 
meaning  of  100,  101 
measurement  and  comparison  of  76, 
110,  111,  114,  119,  122,  123,  235 
standards    of,   tee    also   Cell,    Clark, 
and    Cell,     Weston    normal     115, 
116,  293,  294,  296,  318,  331,  434, 
461,  488,  563,  749,  754,  756,  759 
unit  of   3,  4,  14,  46,  62,  64,  65,  69, 
109,  114,  121,  135,  139,  219,  282, 
291,  296,  435,  476,  488,  753 
Electrophorus  203,  244,  376 
Electroscope,   Bennet's    gold    leaf,    see 

Bennet's  gold  leaf  electroscope 
Bohnenbergers,    see  Bohnenberger's 

electroscope 

Electrostatic  force  127,  219 
measure  of  capacity  of  a  conductor  121 
measure  of  electromotive  force  119 
measure  of  resistance  120 
system  4,  64,  65,  118,  133,  134,  650 
system  of  units  117,  134 
units  64,  65,  78,  118,  119,  120,  123, 

200,  246,  271,  274 
Electrotonic  state  114,  524 
Energy,  unit  of  543,  545,  551,  615 
Equipotential  surfaces  95,  96,  97,  105, 

106,  127 
Equivalent,    dynamical,    of    heat,    see 

Dynamical  equivalent  of  heat 
electro-chemical,  see  Electro-chemical 

equivalent 
"Etalion"  466 
Etalon,  Jacobi's  45 
Farad  219,  339 

International,  488 

Fleming  bridge,  see  Bridge,  Fleming 
Flux,  magnetic  524,  604,  650 
Footpound  60,  61 
Force,    magnetic    103,   267,    5±J. 

604 

lines  of  96,  97,  113,  594 
magneto-motive  521,  522,  527,  529 
unit  of  60,  64,  90,  91,  282,  283 


Frequency  of  ultrrmitiona  861,  863 

Fmidimi.-iital  stan-lnnlH  80,  295 

Fundamental  in 

465.  758 

,      *er 
Ayrton-Mather  Galvanometer 

ballistic   iJSS. 

differential,  see  Differential  galvano- 
meter 

sine  103,  109 
standard,  for  absolute  measurements 

78,  165,  194 
tangent  4,  65,  66,  103,  109,  110,  206, 

298,  300,  301 
Gas  thermometer  595,   596,   597,   509, 

625 
Gauge,  electrometer,   *ee    Electrometer 

gauge 
Gauss  521,  522,  523,  .V_- 

531,  532,  533.  538, 

603 
Gaussage  522,  523,  5'J- 

533,  534,  538 
German-silver  alloy : 
changes  in  molecular  condition  of  28, 

163,  169,  441,  442 
resistance  coils  of  10,  1H,  2'J.  -T7.  41, 
73,  74,  142,  145.  IV;.  l>    L7*  190, 
196,  213,  303,  359,  419,  436 
temperature  coefficient  of  res.  of  305, 

317,  442 
standards  of  resistance  435,  633,  634, 

738,  746,  770 
Gold: 
conducting  power  of   •_'  t . 

187 

constancy  of  res.  of  75,  191 
resistance  of  metre  gramme  of  182, 

186 
Gold-leaf    electroscope    (Bennet's),    tee 

Bennet's  gold-leaf  electroscope 
Gold-silver  alloy: 
conducting  power  of   17,  33,  34,  36, 

170,  398 
constancy  of  resistance  of  34,  36,  75, 

162,  169,  353,  359,  717 
resistances  of  8,  15.   18, 
47,   164,  181,  190,    196. 
621,  717 

tance  of  metre  gramme  < 
186 
temperature  coef.  of  resistance  of  17, 

36,  MM,  7  •-'•_' 
silver  copper  alloy  19 
Grove's  battery  275 

"H"  (horizontal  intensity  of  magnetic 
force)  5L>-'  ->30, 

537 

Heat,  mechanical  equivalent  of  5,  130, 
16V  466,561,566 
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Heat,  of  water,  total  539,  543,  555,  556, 

558,  559 

specific,  of  air,  see  Air,  specific  heat  of 
specific,  of  water  541,  542,  545,  548, 
549,  552,  553,  555,  557,  559,  560, 
561,  562,  608,  616 
unit  of  78,  137,  139,  342,  539,   541, 
542,  544,  545,  546,  551,  552,  553. 
596,  612,  615,  617 
Helices,  coaxial,  see  Coaxial  helices 
Hellesen's  dry-cell  501 
Henry,  unit  of  induction  466,  489,  525, 
526,  528,  529,  531,  532,  533,  534, 
535,  536,  537 
Heterostatic   electric   system   238,  239, 

252,  253,  254,  255 

Horse  power  61,  137,  138,  361,  362,  551 
Hysteresis  in  manganin  445 
in  Weston  cells  761,  767 

"I,"  intensity  of  magnetisation  532,  533 
Ice  unit  of  heat  542,  554 
Idiostatic  electrometer  238,  252,  253 
"Ility"  (termination)  521 
Impedance  363 

Inductance  361,  362,  489,521,  526,  527, 
528,  529,  530,  534,  535,  536,  537, 
570,  571,  590,  593 
Inductive-capacity,    specific    129,    130, 

202,  247,  525 
Inductivity  521,  525,  533 
Inductors  226,  227 
Insulation  resistance  of   standard  coils 

332,  333,  336,  371,  458,  483 
Intensity  of  magnetic  field  69,  94,  95, 

96,  287,  288,  292,  535 
International  ampere  488,  489,  675,  697, 
701,  702,  703,  712,  716,  738,  739, 
741,  749,  753,  754,  757,  762,  763 
coulomb  488 
farad  488 
International  ohm: 

definition  of  487,  620,  623,  675,  740, 

749,  753,  754,  762 
determination  of,  in  absolute  measure 

489,  494,  543 

mercury  resistances  representing  624, 

636,  700,  701,  714,  738,  739,  754,  770 

International  thermometric  standards  598 

unit    of     current,    see    International 

Ampere 
volt,  definition  of  488,  675,  749,  753, 

754,  762,  764 
watt,  489,  754 
Iridio-platmum  alloy,  see  Platinum-iri- 

dium  alloy 
' '  Ivity ' '  (termination)  521 

Jacobi's  standard  45,  74,  279,  283 
Joule  (unit  of  work),  definition  of  342, 

361,  362,  489,  615 
relation  with  unit  of  heat  543,  545, 

547,  550,  551,  552,  554,  555,  556, 


557,  558,  559,  596,  615,  616,  617, 
618,  619 
Joule  and  Thomson's  law  282 

"Kelvin,"  as  unit  of  heat  545 

balance  590 

double  bridge  678,  680,  682,  683,  685, 

688,  692,  694 
Kilogausses  534 
Kilowatt,  definition  of  361,  362 

-hour  551 

"L"  (inductance)  530,  531,  532,  536 
Latent  heat  of  steam  556 
Latimer  Clark's  cell,  see  Cell,  Clark's 
Lead,  resistances  of  164,  180,  181,  186, 

187,  188 

Leclanche  cells  332,  400,  498 
Legal  ohm,  definition  of  325 

ohm,  ratio  to  B.A.  Unit  326,  329,  385, 

422 
standards  330,  336,  339,  354,  364,  378, 

433,  456 
Lines  of  magnetic  force  67,  68,  94,  96, 

97,  105,  106,  107,  113,  114,  127 
Long  range  electrometer  252,  253 
Lorenz  apparatus  478,   482,    567,    614, 

698,  699,  716,  744,  760,  765,  769 

Magnetic  declination  152 

field,  definition  of  67,  93,  526,  537, 
603 

field,  due  to  current  105,  106 

field,  equipotential  surfaces  in  95 

flux  522,  524,  604,  650 

induction,  see  Inductance 

intensity,  see   Intensity   of    magnetic 
field 

moment  66,  94,  133 

pole  65,  67,  93,  133,  153,  535 

potential  95,  96,  107,  126,  521,  522, 
523,  526,  529,  531,  538,  650 

reluctance  650 

units,  names  of  520,  521,  650 

units,  derived  133 

Magnetism,  earth's,  see  Earth's  magne- 
tism 

Magnetization,  intensity  of  532,  533 
Magneto-motive  force,  see  Force,  mag- 
neto-motive 
Manganin  resistances : 

annealing  of  443,  446 

B.A.  coils  435,  634, 635,  687,  730,  734, 
770 

construction  of  447 

humidity  effect  on  737,  738,  766 

Eeichsanstalt     standards    444,     738, 
746,  770 

secular  changes  of  449,  717,  730,  731, 
732,  733,  736,  766 

temperature  coefficient   of  444,  445, 

446,  490,  613,  635 
Maxwell,  unit  of  magnetic  flux  604,  650 
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Mean  current  361,  :WJ 
Measurement,  absolute,  of  resistance,  «ee 
Absolute  measurement  of  resistance 
absolute,     of    current,     nee    Ampere 

l>;il;ince  and  Current  weigher 
Measurer,  differential  resistance  285 

Siemens'  resistance  205 
Mechanical  equivalent  of  heat,  nee  Heat, 

mechanical  equivalent  of 
units  61,  65,  89,  90,  132,  282 
Mega-erg  545 
Mercury,  absolute  resistance  of  419,  420, 

421,  422,  436,  437,  489,  494,  574 
resistance  of  metre  gramme  of  186 
Mercury  Standards  of  Kesi  stance  : 
choice  for  material  standard  1,  6,  10, 

14,  15,  29,  35,  36,  37,  38,  41 
comparison  with  other  standards  185, 

637,  682,  683,  722,  724 
definition  and  specification  of  43,  165, 
326,  342,  422,  426,  434,  468,  475, 
487,  494,  510,  739,  740,  753,  754, 
755,  762 
French  438 
glass  tubes  for  40,  48,  49,  182,  184, 

607,  612,  648,  765 
Eeichsanstalt  444,  449,  461,  462,  623, 

747 

reproduction    and    constancy   of    76, 
163,  164,  170,  183,  192,  199,  286, 

622,  636,  701,  714,  718,  726,  727, 
728,  735 

Siemens  2,  7,  8,  12,  13,  39,  44,  45, 

46,  74,  76,  281,  437 
temp.  coef.  of  resistance  of  36,  438 
Metrical    system,    relation    to    British 

system  138 

"Meyer"  as  unit  of  heat  545 
Mica  condenser,  see  Condenser,  mica 
Moment,  magnetic  66,  94,  133 
Mutual    Induction    of    coaxial    helices 

592,  593 

Nicholson's  revolving  doubler  228 
Nickel,  patent,  resistances  of  443, 444, 445 
Nickelin  alloy  440,  443 
Nickel    manganese    copper    alloy,    see 
Manganin 

Ohm: 

absolute  140,  166,  284,  292,  296,  478, 

489,  567,  614,  700 
Board  of   Trade  426,  433,  468,  510, 

573,  574,  575,  714,  763 
de  1893  466 
determination  in  c.o.s.  measure  140, 

166,  284,  292,  296,  478,  489,  567, 

614,  700 

legal,  definition  of  325 
International,  see  International  Ohm 
(B.A.  unit)  relation  to  ohm  in  cm.  of 

mercury  366,  419,   420,   421,  436, 

623,  727,  728 


Ohm: 

(\'-.\.  in  to  absolute  ohm 

:tnl.  :{*.-,,  438,  486,  487,  465 
ill.  A.    unit)    ri-liilioii    t«»    B.O.T.  ohm 

•MM i.  r.-j-j.  t;-_'.s 
(H.A.  inr.  >  legal  ohm  326, 

i-jii 
(B.A.  unit)  ivhttinn  to  Siemens'  unit 

437 
(B.O.T.)  relation  to  absolute  ohm  574, 

.-,7--, 
(B.O.T.)  relation  to  International  Ohm 

624,  634,  763 
Ohm  standards : 

of  Board  of  Trade  426,  433,  468,  510, 

573,  574,  714,  763 

of  Bureau  of  Standards  746,  747,  770 
of    Laboratoire   Central   d'Ele. 

770 
of  National  Physical  Laboratory  627, 

677,  716,  746,  747,  770 
of  Keichsanstalt  440,  634,  74* 

770 
Ohmad  284 

Paraffin  condensers  385,  387 
Patent  nickel  alloy  443,  444 
Period,  definition  of  361, 
Permeability  521,  525,  528,  Si 
Platinum  resistance  coils : 
British    Association    196,    354,    714, 

716,  719,  726 
secular  changes  of  75,  191,  353,  354, 

714,  715,  716,  719,  : 
temperature  coef.  of  354,  60o.    7SS, 

726 
Platinum-Iridium  alloy  : 

B.A.  resistances  of  18,  190,  196,  285, 

343,  353,  719 
secular  changes  of  359,  621,  717,  7  •_"_'. 

726 
temperature  coef.  of   171,  354,  722, 

726 
Platinum-silver  alloy : 

B.A.  resistances  of  19,  76,  163,  190, 

285,  344,  364,  627,  715,  716. 
secular  changes  of  344,  347,  3-V 

620,  632,  715,  716,  726,  729 
temperature   coef.   of    11,    193,  294, 

305,  605 

Platinum  resistance  thermometry  208, 
366,  402,  411,  592,  595,  602,  604, 
607,  613,  614,  615,  624,  625 
638,  649 

Platinum  standard  of  temp.  595,  650 
Pole,  magnetic,  ue  Magnetic  pole 
Portable  electrometer,  *te  Electrometer, 

portable 
Potential,  electric  126,  127 

magnetic,  see  Magnetic  potential 
Potentiometer  680,  681,  682,  683,  685, 

692,  694 
Power,  unit  of  340,  361,  362,  489,  753 
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Precise  measurements  of  electric  resist- 
ance 676 

Pyridine  voltameter  608,  611 
Pyrometer,  Siemens'  199 

"Quadrant"    (unit  of    induction)    361, 

362 

electrometer  see  Electrometer,  quad- 
rant 
Quantity,  electrical  97,  98,  99,  100,  108, 

117 

electrical  unit  of  3,  4,  13,  62,  64,  108, 
135,  219,  282,  291,  292,  488 

Eadiation  experiments  (Joule)  260,  262, 

264,  268,  270 
Bayleigh  voltameter  437,  564,  609,  701, 

708,  760 
Beichsanstalt   standards    of    resistance 

440,  634,  746,  747,  770 
Eeluctance,  magnetic  650 
Kesistance,   absolute  measurement    of, 
see  Absolute  measurement  of  resist- 
ance 
absolute,    of    mercury,   see    Absolute 

resistance  of  mercury 
coils,  see  German  silver,  Gold,  Manga- 
nin,      Platinum,     Platinum-silver, 
and  Platinum-iridium  resistances 
electrical,    precise   measurements    of 

676 

electrostatic,  measurement  of  120 
-measurer  205,  285 
specific,  see  Specific  resistance 
standards,  see  Ohm  standards 
therm ometry,  see  Platinum  resistance 

thermometry 
tubes,  mercury,  see  Mercury  standards 

of  resistance 
Beplenisher   203,    222,    223,   226,   227, 

228,  251,  273 

Besultant  electric  force  128 
' '  Kowland ' '  (as  unit  of  heat)  545 

Scale  of  Temperature,  British  Association 

596 

Selenium  resistances  199 
Sensitiveness    of    resistance    measure- 
ments 677 
Siemens'    mercury    unit,    see  Mercury 

standards  of  resistance 
resistance-measurer  209 
Silver,  Besistance  of  metre  gramme  of 

186,  505 
resistances,  constancy  of  75,  162, 164, 

177,  191 

specific  resistance  of  423,  483,  502 
electro-chemical    equivalent    of    437, 
464,     564,     589,     591,    697,    713, 
760 

-gold  alloy,  see  Gold-silver  alloy 
-platinum   alloy,   see  Platinum-silver 
alloy 


Silver  Voltameter : 
effect  of  impurities  in  453,  767 
effect  of  pressure  on  437,  453,  706 
effect  of  temperature  on  707 
International  experiments  with  771 
specifications  428,  470,  488,  512,  703, 

749,  755 

with  pyridine  607 
Sine  galvanometer  103,  109 
Specific  conducting  power  129,  305 
heat  of  air  556 
heat  of  water  541,  545,  548,  549,  552, 

555,  557,  559,  560,  561,  562,  608, 

616 
inductive  capacity  129,  130,  202,  247, 

525 

resistance,  definition  of  129 
resistance   of  copper  360,    364,    365, 

397,  483,  484,  502,  626 
resistance  of  mercury  437,  489,  636, 

722,  724,  727,  728 
resistance  of  silver  423,  483,  502 
Standard  cell,  see  Cell,  Clark's,  and  cell, 

Weston  normal 
coils,  see  German-silver,  gold,  manga- 

nin,     platinum-silver,      platinum, 

and  platinum-iridium  resistances 
condenser  294,  365,  458,  466,  624 
electrometer  249,  252,  272 
galvanometer,       see       Galvanometer 

standard 

Jacobi's  45,  74,  279,  283 
legal,  see  Legal  ohm  standard 
of  capacity,  see  Capacity,  standard  of 
of     electrical     current,    see     Ampere 

balance  and  Silver  voltameter 
of  electrical  pressure  469,  511,  764 
of    electrical     resistance,     see    Ohm 

standards 

of  electromotive    force,   see    Electro- 
motive force,  standard  of 
thermal  unit  539 

Statical  electricity  117,  122,  203,  234 
Stationary    electrometer,    see    Electro- 
meter, stationary 
Steam,  latent  heat  of  556 
Stroboscopic  method  480 
Submarine     cable    5,    117,    201,    202, 

279 
System,  absolute  5,  59,  61,  65,  288,551, 

768 
electromagnetic,  see  Electro-magnetic 

system 

electrostatic,  see  Electrostatic  system 
electrostatic,  of  units  117,  134 
metrical  138 

Table  of  electrical  dimensions  133 

Tangent  galvanometer,  see  Galvano- 
meter tangent 

Tellurium  resistances  27 

Temperature,  British  Association  Scale 
of  596 
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Temperature    coefficient  of    resistance 

of: 

constantan  444 

copper  365,  399,  405,  408,  504,  646 
German-silver  305,  317,  442 
gold-silver  354,  7  •_>•_' 
m:m#min  444,  445,  446,  490,  635 
mercury  438 
patent  nickel  443,  444 
platinum  354,  605,  722,  726 
platinum-indium  354,  722 
platinum-silver  305,    354,   457,   490, 
573,  579,  586,  588,  604,  632,  721 
silver  507 

Temperature  coefficient  of : 
Clark's  cell  439,  452 
Weston  normal  cell  711,  743,  757 
Specific  heat  of  water  552,  554,  559 
Temperature,  platinum  standard  of  595, 

650 
Terrestrial     magnetism,     see     Earth's 

magnetism 

Therm.  342,  547,  549,  619 
Thermal  experiments  (Joule),  259,  261, 

263,  265,  266,  267,  270 
unit  539,  540,  544,  547,  548,  549,  550, 

551,  554,  555,  616 

Thermometer,    gas,    see    Gas    thermo- 
meter 
platinum    resistance,    see    Platinum 

resistance  thermometry 
Thermometric   standards,  international 

598 
Thomson's  reflecting  electrometer,  see 

Electrometer,  reflecting 
Total  heat  of  water  539,  543,  555,  556, 

558,  559 

Tubes  for  mercury  standards,  see  Mercury 
standards  of  resistance 

Unit,  absolute,  see  Absolute  system 
electro-magnetic,  see  Electro-magnetic 

system 
Board  of  Trade,  see  Board  of  Trade 

unit 
British   Association,   see   Ohm,  B.A. 

unit 

fundamental,  see  Fundamental  units 
Gauss,  see  Gauss  unit 
Jacobi,  see  Jacobi's  standard 
magnetic  pole,  see  Magnetic  pole 
of  magnetic  potential,   see  Magnetic 

potential 

of  capacity,  see  Capacity,  unit  of 
of  current,  see  Ampere 
of    current,     absolute,     see    Ampere 

balance  and  Current  weigher 


Unit    of     earn  tit,     international,     tee 

Ampt'-K-,   inli  ni;iti..n;il 
of  elect  rim  1    pressure,  tee  Electrical 

pressure,  unit  of 

of  electricity,  eee  Quantity,  electrical 
of  electromotive    force,  tee    Electro- 
motive force,  unit  of 
of  energy  :>\:\,  .-,}.->,  551,  615 
of  force  60,  64,  90,  91,  282,  288 
of  heat,  xee  Heat,  unit  of 
of  inductance,  x,v  Inductance 
of  magnetic  flux,  xee  Magnetic  flux 
of  magnetomotive  force  521,  522,  527, 

529 

of  1862  7 

of  permeability,  see  Permeability 
of  power  340,  361,  362,  489,  753 
of  quantity,  see  Quantity,  electrical 
of  resistance,  see  Ohm 
of  work,  definition  of  361,  36 _' 
pole,  see  Magnetic  pole 
quantity  of  electricity,  see  Quantity, 

electrical 
Siemens'      mercury,      see      Mercury 

standards  of  resistance,  Siemens' 
thermal,  see  Thermal  unit 

«v"  constant  202,  204,  274,  276,  379 
Volt,  definition  of  296,  427,  469,  510, 

675,  753,  754,  762,  764 
Voltameter,  pyridine  607 
silver,  see  Silver  voltameter 

Watt,  definition  of  340,  342,  361,  362. 

489,  753,  754 
International  489,  754 
Water,  specific  heat  of,  see  Heat,  specific, 

of  water 

total  heat  of,  see  Heat  of  water,  total 
Weber  (unit  of  current)  296 

(unit   of    magnetic    field)    -V2n.    .">•_>  1. 

524,  525,  526,  527,  528,  529,  530, 

531,  532,  533,  534,  535,  536,  538 

Weber's  electrodynamometer  104 

Weston  cadmium  cell,  see  Cell,  Weston 

normal 

normal  cell,  see  Cell,  Weston  normal 
Wheatstone's     balance,     see    Balance, 

Wheatstone's 

bridge,  see  Bridge,  Wheatstone's 
Wippe  66 
Work,  unit  of  361,  362,  489 

Zinc,  amalgam  450,  455,  659,  660 
influence  of,  on  resistance  alloys  17, 
441,  443 
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